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ABSTRACT 
 
Polyimides have also been extensively used in various applications because of 
their thermal stability and durability.  Among the polyimide materials, 
fluorine-containing polyimide composed of 4,4'-hexafluoroisopropylidene diphthalic 
anhydride (6FDA)-2,3,5,6–tetramethyl–1,4–phenylene diamine (TeMPD) shows high 
CO2 permeability and good CO2 separation performance. 
Two types of low-viscosity fluorine-containing telechelic polyimides 
containing acryloyl or vinyl groups at the polymer chain ends were synthesized.  The 
crosslinking reaction of telechelic polyimides at the polymer chain ends using UV 
irradiation was more effective than the conventional crosslinking for the improvement 
of gas permselectivity and the suppression of significant decrease in gas permeability. 
The UV-cured membrane was fabricated with the crosslinker to promote the 
crosslink reaction.  The membrane density of the UV-cured membranes with the 
crosslinker was almost similar with a high gel fraction, which suggests that the 
crosslinker promotes crosslink reaction at the polymer chain ends and does not induce a 
ppreciable membrane densification. 
Composite membranes consisting of polyimide (PI), ionic liquid (IL), and 
zeolite were prepared.  The gas permselectivity of the PI+ZSM-5+IL membranes was 
higher than that of the PI+ZSM-5 membranes because of the decrease in the interface 
defects brought about by the introduction of IL.  Based on the gas permeation 
measurement at 10 atm for the PI+ZSM-5+IL (40/60) membrane, the change in IL 
amount before and after the measurement was not observed.  Therefore, PI/zeolite 
composite membranes containing IL may be useful without IL leakage at high pressure.
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Chapter 1 
 
GENERAL INTRODUCTION 
 
1.1. WHAT ARE GAS SEPARATION MEMBRANES? 
Gas separation membranes are used to separate gases from a gas mixture when 
the gas particle diameters are several Å and the difference in gas particle sizes is 
minimal.  O2/N2 separation, CO2/CH4 separation, hydrogen separation, helium 
separation, CO2/N2 separation for separation and collection of greenhouse gases that 
cause global warming, and the separation of perfluoro compounds such as C2F6 and SF6 
have been under intense investigation.  The use of a polymer membrane to separate 
substances is an environmentally friendly and energy-saving separation method.  It is 
recognized as one of the key technologies that can solve an environmental problem 
because this method is easy to operate and allows footprint downsizing and continuous 
separation.  Reverse osmosis membrane and dialysis are separation technologies that 
use practical polymer membranes.  Although numerous studies have been done in the 
field of gas separation, only several applications have proposed the practical use of 
these membranes.  Therefore, further development is needed in this field.  The 
cryogenic distillation, adsorption, absorption, and membrane separation methods are 
known as gas separation methods.  The membrane separation method has greater 
economic efficiency compared with other separation methods when the gas flow is low 
and the required permselectivity is not extremely high. 
 
 
2 
1.2. HISTORY OF GAS SEPARATION MEMBRANE 
The study on gas permeation on a rubber membrane was first performed by 
Mitchell in 1831 in France [1].  At that time, rubber was not considered as a polymer, 
and no polymer material with high permeability or permselectivity existed.  The study 
on gas separation involving the use of a membrane, such as the condensation of oxygen 
from air, helium separation from natural gas, and separation enrichment of hydrogen for 
petroleum refining, has begun since 1950.  Mitchell reported that permeability varied 
according to gas type.  In 1866, Graham studied the use of a rubber membrane for gas 
separation [2].  In addition, Graham also proposed the gas permeation mechanism, 
which is the origin of the study on gas permeation on a nonporous membrane.  The 
permeation mechanism is similar to the solution-diffusion mechanism that is currently 
being used.  According to the permeation mechanism, when gases are in contact with a 
membrane, the following processes occur: (1) gases are dissolved into the membrane 
interface (i.e., dissolution process); (2) gases are diffused inside a membrane by a 
concentration gradient caused by gas dissolution (i.e., diffusion process); and (3) gases 
are desorbed from the underside of the membrane which is the side with a low 
concentration (i.e., desorption or evaporation process).  In Graham’s proposed 
mechanism, the gas permeability of a membrane depends on the processes of (1) 
dissolution and (2) diffusion.  Independently of such a phenomenological research, the 
mathematical treatment of the concentration gradient of substances and mass transfer 
was studied by Daynes [3].  Furthermore, an application of the method on mass 
transfer in a membrane was considered by Barrer [4].  These studies were performed 
from 1920 to 1940.  Although gas adsorption to polymer materials has been reported, 
studies on gas separation on polymer membranes were performed after World War II.  
3 
Weller and Steiner fully studied oxygen enrichment in 1950 [5].  The large-scale 
manufacture of oxygen from selective permeation of air (i.e., oxygen separation method 
from liquid air via a cryogenic method) is economically inconvenient.  However, the 
use of a small-scale apparatus in producing oxygen-enriched air can be achieved with 
current technologies.  Weller and Steiner selected and investigated ethyl cellulose 
because of its higher strength, durability, oxygen permeability coefficient, and ratio of 
oxygen and nitrogen permeability coefficients compared with other polymer membranes 
at that time.  At the beginning of the 1950s, Kammermeyer of Iowa State University 
used synthesized polyethylene membranes and polychlorotrifluoroethylene membranes 
and investigated the separation of ammonia/water and carbon 
dioxide/hydrogen/oxygen/nitrogen as a quaternary system [6].  They obtained 
fundamental data on the separation of a gas mixture under pressure and compared the 
actual value of mole fraction of the permeated gas with the theoretical value.  The 
practical application of manufacturing medical oxygen-enriched air and separation of 
produced gas on petroleum refining started in the 1970s.  In 1980, Monsanto Co. in 
America pioneered the introduction of a large-scale membrane separation system for a 
hydrogen separation process, which was used for manufacturing ammonia. 
 
1.3. TYPE OF MEMBRANES 
1.3.1. Porous membrane and nonporous membrane 
The sizes of the gas molecules expressed in the van der Waals diameter were 
H2, 2.34 Å; He, 2.65 Å; O2, 2.92 Å; CO, 3.13 Å; CO2, 3.23 Å; and H2O, 3.48 Å.  The 
size of gas molecules is very small.  Gases can permeate through membranes with 
pores of 50 Å or 1 m and through the overlaps of polymer chains.  Two main types of 
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gas separation membranes are available, namely, porous and nonporous membranes.  
Nonporous membranes have a gap of 3 Å to 10 Å between the polymer chains, and this 
gap arises from thermal vibration of polymer segments.  This vibration depends on the 
chemical structure of the membrane.  Therefore, gas molecules can move through the 
membrane.  The permeation mechanism and permselectivity on a porous membrane 
are completely different compared with a nonporous membrane.  In a porous 
membrane, gases are separated in terms of the ratio of molecular weight of the gases.  
In a nonporous membrane, gases are separated in terms of the difference of solubility 
and diffusivity in a polymer.  Permeance is generally high but permselectivity is low 
because porous membranes have larger pores compared with gas molecular diameters.  
The effect of temperature results in a significant difference in the sizes of a porous 
membrane and a nonporous membrane.  When the temperature increases, the 
permeability of nonporous membranes also increases.  By contrast, the permeability of 
a porous membrane is less affected by temperature or decreases with increasing 
temperature.  Except for a particular case as the separation enrichment of a gas mixture 
having a remarkably high molecular weight ratio, a nonporous membrane is generally 
used as a gas separation membrane. 
 
1.3.2. Symmetric membrane and asymmetric membrane 
A nonporous membrane is classified as either symmetric or asymmetric 
membrane.  A symmetric membrane is also called a homogeneous membrane, and it 
has an identical-looking chemical or physical structure throughout the entire membrane.  
Symmetric membranes are composed of film-like membranes with several to tens of 
micrometers in thickness and have structures without pores.  Homogeneous 
5 
membranes are used to investigate the performance of polymer materials, and the 
amount of permeated gas in such membranes is low because the membrane thickness is 
large.  The basic conditions required for a practical membrane fabrication are 
maximum permselectivity and minimum friction through the membranes, and these 
properties can be accomplished by extreme thinning of the functional part during 
separation.  A variety of methods are available depending on the membrane type. 
A membrane with partially different chemical or physical structure and a 
membrane with a different structure in the surface and inner layers are called an 
asymmetric or heterogeneous membrane.  Asymmetric or heterogeneous membranes 
are also called anisotropic.  An anisotropic membrane is further classified as a Loeb 
membrane, which is an asymmetric membrane with identical chemical composition, and 
composite membrane.  These membranes have a thin separation function layer, and 
most membranes used in membrane separation possess this structure.  At the end of the 
1950s, Loeb and Sourirajan of the University of California studied the use of cellulose 
acetate membranes as reverse osmosis membranes, and this membrane is an example of 
a Loeb membrane.  This membrane has an extremely high permeability in terms of its 
structure.  The Loeb membrane is prepared via the phase inversion method, and thin 
separation function layer and porous support layer are formed from identical materials.  
On the other hand, the composite membrane has the appearance of a single membrane 
consisting of more than two types of membranes.  In particular, the laminated 
membrane has a structure composed of a thinned homogeneous separation function 
layer on a porous support membrane, and a porous support membrane and separation 
function layer can be prepared from a different material. 
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1.3.3. Membrane morphology 
A membrane with low permeance cannot be used practically even if it has high 
permselectivity.  Thus, high permeance is required.  The permeance of a nonporous 
membrane is the inverse ratio of membrane thickness.  In gas separation membranes 
used in practical applications, the thickness of the layer that contributes to separation is 
< 1 m.  However, the strength of such a thin membrane is naturally low.  Therefore, 
the use of a layer with high strength and a structure that facilitates movement of 
molecules, which is called a support layer, is required.  A membrane for practical 
application has an asymmetric morphology. 
Membrane strength is the most important property for separation membranes.  
If membrane materials with high permselectivity are developed, membranes with low 
strength that cannot be formed as modules will no longer be used.  Separation 
membranes require specific morphology for the following purposes: support a thin 
membrane, increase permeation area per unit volume, withstand high pressure on feed 
side, and so on.  Hollow fiber membranes and spiral structures using flat membranes 
are commonly used in membranes and modules. 
A flat membrane is the most basic shape of a separation membrane.  A slightly 
thick membrane or a membrane produced after laminating a thin membrane on a porous 
membrane as support layer is placed on a metal screen and held to a frame.  To 
increase the permeation area per unit volume, an economic formulation is achieved as 
the module rolled a flat membrane in a spiral configuration.  The process includes 
rolling a membrane that is more than a pair with porous support layer and separation 
layer in a hollow bar.  Permeation flow is spiraled through a support and is collected 
through the central tube.  Generally, feed flow moves through a spiral membrane and 
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in a longitudinal direction, and the concentrate flows out from the other end.  Adhesion 
to the edge of each membrane is necessary because the feed flow should be prevented 
from mixing with permeation flow.  The entire assembly is placed in an annular shell, 
which functions as a pressure vessel.  The structure is compact, and the distribution of 
feed flow is excellent. 
The hollow fiber is developed by DuPont in America.  In contrast to previous 
structures requiring a membrane and porous support, the hollow fiber itself is a material 
with a good separation performance.  Several million hollow fibers that can withstand 
high pressure are tied together and placed in a tubular pressure vessel.  The hollow 
fiber module has the most economical formulation in terms of membrane area per unit 
volume.  The assembly of the module is easier compared with the foregoing structure.  
Most hollow fibers are prepared according to the same principle as in the formation of a 
Loeb membrane.  Membrane form only differs between the preparation of a flat 
membrane via a casting method and the preparation of a hollow fiber membrane via 
spinning. The concentrated polymer solution, a dope solution, is moved into a hollow 
fiber nozzle through a quantitative extrusion pump.  The hollow dope solution 
extruded by the nozzle is passed through an area to evaporate the solvent and is placed 
in a coagulating bath containing a gelation agent.  The hollow fiber in gel form is dried 
and rolled up.  When necessary, the fiber is subjected to heating and drying treatment. 
 
1.4. PERMEATION MECHANISM OF GAS SEPARATION MEMBRANES 
1.4.1. Permeation mechanistic model with asymmetric membrane as an example 
For gas separation of a binary gas mixture by using an asymmetric membrane, 
gas molecules diffuse from the high-pressure side to the low-pressure side.  When gas 
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molecules move from the membrane surface to the underside, the permeation 
mechanism is as follows: transport through the nonporous layer (also called dense layer), 
Knudsen flow in pores, viscous flow in large pores (i.e., Hagen-Poiseuille flow), and 
surface diffusion flow along the pore surface.  The cross-section of an asymmetric 
membrane is shown in Figure 1.1. 
 
 
Figure 1.1  Cross-section of an asymmetric membrane. 
 
1.4.2. Gas permeation in porous membrane 
In addition to the formation of the porous layer in the lower part of an 
asymmetric membrane, the porous layer is also used as a separation membrane.  The 
transport mechanisms of gas molecules through a membrane are shown in Figure 1.2.  
With passages (e.g., through hole) that allow specific sizes of gas molecules through 
membranes, the permeation of mixture gas is controlled by viscosity (i.e., resistance of 
intermolecular collision).  Although viscous flow is affected by the different types of 
gases, gases cannot be separated because gases permeated through membranes, whereas 
collision between gas molecules is repeated.  When the width of these passages is 
smaller than the mean free path of the gas molecules (i.e., mean distance that gases 
move through during collision between gas molecules), the flow is called a Knudsen 
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flow.  The resistance of collision with the pathway wall is larger than in intermolecular 
collision.  Gases can be separated because the permeation of larger gas molecules is 
limited compared with that of smaller gas molecules.  The phenomenon wherein gas 
molecules are adsorbed onto the wall surface and the adsorption layer is permeated by a 
pressure difference is called surface diffusion flow.  The permeation pathway of 
noncondensable gas can be filled with the adsorption layer of water vapor and organic 
vapor in the pores.  This process is called capillary condensation flow.  When the 
width of the passages is smaller than the diameter of larger gas molecules, such 
molecules are not permeated and only small molecules are permeated.  This 
phenomenon is called molecular sieving. 
 
 
Figure 1.2  Mechanisms of transport for gas molecules through a membrane. 
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1.4.3. Gas permeation in non-porous membrane 
For a nonporous membrane, molecules cannot pass directly between polymer 
chains in contrast to a porous membrane.  Initially, the penetrant is dissolved into the 
membrane interface.  The penetrant then diffuses between polymer chains with a 
concentration gradient as the driving force.  Finally, the penetrant is desorbed from the 
underside of the membrane.  This process is called solution-diffusion mechanism, and 
gas permeation in polymer membranes follows this mechanism.  In quantitatively 
measuring the amount of permeated gas, the flux J obeys Fick’s first law as follows: 
x
C
DJ


     (1.1) 
where D is the diffusion coefficient, C is the gas concentration, and x is the moving 
distance of the gas in the direction of membrane thickness.  Assuming that a gas 
solution in a membrane obeys Henry’s law, the following equation is expressed as: 
SpC       (1.2) 
where S is the solubility coefficient and p is pressure.  Therefore, equation (1.1) can be 
rewritten as: 
x
p
P
x
p
DSJ





     (1.3) 
However, the following equation is expressed by: 
DSP      (1.4) 
where P is the permeability coefficient.  Therefore, the permeability coefficient is the 
product of the diffusion coefficient and solubility coefficient.  The separation 
performance of a nonporous membrane is based on the difference of permeability 
coefficient by synergy between the difference of S and D.  Therefore, P can be 
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calculated as an inherent value that is independent of membrane area and thickness.  
Equation (1.4) can then be rewritten as:  

)()( 2121 ppPAppDSAQ



    (1.5) 
where Q is the permeate flow rate, p1 is the pressure on the feed side, p2 is the pressure 
on the permeation side, ℓ is membrane thickness, and A is membrane area.  P is 
calculated by equation (1.5).  
Permselectivity αA/B, which represents the separation performance between gas 
A and gas B, is the ratio of the permeability coefficient of gas A PA over gas B PB.  
Therefore, equation (1.4) can be rewritten as:  
B
A
B
A
B
A
BA
S
S
D
D
P
P
/     (1.6) 
where the ratio of the diffusion coefficients DA/DB is the diffusivity selectivity and the 
ratio of the solubility coefficients SA/SB is solubility selectivity.  The desired 
permselectivity can be obtained by controlling diffusivity selectivity and solubility 
selectivity. 
 
1.5. MEMBRANE MATERIALS 
The ideal features of membrane materials for gas separation are summarized as 
follows: 
・High permeance (flux) 
・High gas-separation (rejection) performance 
・Long-term stability 
・Productivity of membrane materials 
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・Cost effectiveness 
These properties and the separation process must be considered for practical 
gas separation. 
The important industrial applications of gas separation membranes are 
summarized in Table 1. 
 
Table 1  Industrial application of gas separation membranes 
Gas 
mixture 
Application Polymer membrane 
materials
 (a) 
H2/N2 Hydrogen recovery in ammonia synthesis 
process 
PI, polyaramide, PSF, CA 
H2/CH4 Hydrogen recovery from oil purification 
(catalytic reforming and hydrogenolysis) 
PI, polyaramide, PSF, CA 
H2/CO Quality governing of syngas PI, polyaramide, PSF, CA 
O2/N2 Nitrogen enrichment air, oxygen 
enrichment air 
Substituted polyacetylenes, 
PDMS, PMP, PPO 
CO2/CH4 Natural gas purification, treatment of 
landfill gas 
PI, CA, PFS rubber 
H2S/CH4 Natural gas purification PI, ether/amide copolymer 
N2/CH4 Natural gas purification PI, PDMS, PFS rubber 
C3+/CH4 Natural gas purification Substituted polyacetylenes, 
PDMS 
H2O/CH4 Dehumidification from natural gas 
(removal of water vapor) 
PI 
CO2/N2 Post-combustion PI 
VOC/N2 Hydrocarbon vapor recovery on oil 
purification, organic solvent vapor 
recovery from industry, and unreacted 
monomer recovery 
PDMS, substituted 
polyacetylenes, PI 
Alcohol/Air Dehumidification from organic solvent PI 
H2O/Air Dehumidification from air PI 
(a) PI: polyimide, PSF: polysulfone, CA: cellulose acetate, PFS: perfluorosilicon 
PDMS: polydimethylsiloxane, PMP: poly(4-methyl-1-pentene), PPO: 
poly(phenyleneoxide) 
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Permeability of polymer membranes generally exhibits an inverse relationship 
with permselectivity of polymer membranes.  For industrial applications and corporate 
strategy of gas separation membranes, the cases wherein permeability is more important 
than permselectivity and vice versa should be considered.  The current goal is the 
development of polymer membranes with high permeability and permselectivity. 
Glassy polymers are preferred over rubbery polymers in industries because of 
the durability and preparation of thin membranes of the former.  For rubbery polymers, 
polydimethylsiloxane (PDMS), called silicone rubber, is mainly used.  The industry of 
gas separation that involves the use of membranes began in the 1980s, and PDMS was 
popular as a first-generation high-performance polymer (Figure 1.3). 
 
Si O
CH
3
CH
3
n
 
PDMS  
Figure 1.3  High permeability polydimethylsiloxane. 
 
At present, substituted polyacetylenes show the highest permeability in 
polymers (Figure 1.4).  However, permselectivity is low because substituted 
polyacetylenes exhibit high permeability for each gas.  However, not all substituted 
polyacetylenes show high permeability; only polyacetylenes with hemispherical, bulky 
functional groups show high permeability. 
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Figure 1.4  Typical high permeability substituted polyacetylenes. 
 
Polyimides have also been extensively used in various applications since the 
late 1980s.  Aromatic polyimides are mainly selected because of their thermal stability 
and durability.  However, the permeability of polyimides is lower than in substituted 
polyacetylenes.  Thus, studies are being done to improve the permeability of 
polyimides.  Moreover, polyimides are commonly used as copolymers because they 
are easy to synthesize from various acid and diamine components. 
 
1.6. OBJECTIVE AND ORGANIZATION OF THIS DISSERTATION 
This dissertation deals with the gas permeability of the polyimide-modified 
membranes for CO2 separation.  It is organized into five chapters as explained below. 
Chapter 1 provides a general introduction of this dissertation.  This 
introduction furnished some background and perspective, including the concept of a gas 
separation membranes, as well as current areas of application. 
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Chapter 2 deals with the syntheses of two types of low-viscosity 
fluorine-containing telechelic polyimides containing acryloyl or vinyl groups at the 
polymer chain ends.  In this chapter, the characterization and gas transport properties 
of UV-cured telechelic polyimide membranes are discussed. 
Chapter 3 provides the physical, thermal, and gas permeation properties of 
UV-cured telechelic polyimide membranes with a crosslinker.  In this chapter, I 
expected that the UV irradiation of telechelic polyimide with the addition of 
crosslinkers resulted in an increase in UV reactivity and transformations in membrane 
performance by increasing its chain length at the crosslinking points. 
Chapter 4 focuses on the effects of zeolite in polyimide/zeolite composite 
membranes containing ionic liquids.  In this chapter, the physical, thermal, and gas 
permeation properties of the membranes were investigated in terms of zeolite presence 
and ionic liquid content. 
Finally, Chapter 5 is the conclusion of this dissertation.  The presented 
conclusions will facilitate the development of perspective on the polyimide membrane 
for gas separation applications. 
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Chapter 2   
 
SYNTHESIS AND GAS TRANSPORT PROPERTIES OF UV-CURED 
LOW-VISCOSITY FLUORINE-CONTAINING TELECHELIC 
POLYIMIDE MEMBRANES 
 
SUMMARY 
 
A novel ultraviolet (UV) crosslinking method using fluorine-containing telechelic 
polyimide membranes was investigated.  The base fluorine-containing polyimide was 
synthesized by polycondensation using the monomers, 4,4'-(hexafluoroisopropylidene) 
diphthalic anhydride (6FDA) and 2,3,5,6-tetramethyl-1,4-phenylene diamine (TeMPD).  
Both chain ends of the 6FDA-TeMPD polyimide were end-capped with either 
UV-reacted groups, 1,1-bis(acryloyloxy methyl) ethyl isocyanate (BEI) group or 
p-aminostyrene (PAS) group.  The two types of telechelic polyimide membranes, 
6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS, were formed with UV irradiation from the 
low-viscosity solutions using the solvent-casting method.  Both telechelic polyimides 
reacted at the polymer chain ends through UV irradiation.  The density values of the 
UV-cured membranes were almost the same.  Thus, this crosslinking method could 
prevent significant membrane densification compared with other conventional 
crosslinking methods.  As the UV irradiation time increased, the gas permselectivity in 
both UV-cured polyimide membranes increased without a significant decrease in gas 
permeability.   
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2.1. INTRODUCTION 
Aromatic polyimides have been widely used as structural, electronic, and 
optical materials because of their good thermostability, mechanical strength, and optical 
properties [1-4].  Polyimides are also employed as a potting material and an interlayer 
dielectric membrane because they are thermoset polymers.  Among the exsisting 
fluorine-based polyimide membranes, fluorine-containing polyimides composed of 
4,4'-(hexafluoroisopropylidene) diphthalic anhydride (6FDA) possess good gas 
transport and CO2 separation properties [5-8]. 
In these applications, polyimide materials are generally used in membrane state.  
Therefore, membrane processability (e.g., membrane formation ability) is one of the 
desirable properties of industrial polyimides.  Although many highly permeable gas 
separation membranes are available, the fabrication of asymmetric hollow fiber 
membranes and/or composite membranes is difficult in some cases because of their high 
viscosity. 
The solvent-casting method is one of the useful ways of preparing porous 
composite membranes.  However, the high-viscosity of the polyimide solution causes 
damage to the separation layer and difficulty to form a thin layer.  Hence, the use of a 
large quantity of casting solvents to decrease the viscosity of a polymer solution 
becomes an environmental burden and leads to an increase in the treatment equipment 
cost.  Therefore, the preparation of composite membranes using a low-viscosity 
polymer is one of the effective approaches. 
Recently, several membranes have been modified to improve gas permeability 
and permselectivity.  Crosslinking of polymer segments is one of the methods for 
improving gas separation performance.  In addition, many crosslinking reactions for 
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gas separation membranes were reported [9-14].  However, a trade-off relationship 
exists between the degree of crosslinking and gas permeability.  The excessive 
crosslinking density of polymer membranes improves gas permselectivity but 
significantly reduces gas permeability because of membrane densification [10, 11, 
15-18]. 
The present study hypothesizes that one of the effective crosslinking 
approaches is crosslinked at the polymer chain ends using telechelic polymers.  A 
small degree of crosslinking structure could prevent membrane densification and 
decrease in gas permeability.  In addition, CO2-induced membrane plasticization, 
which is a serious problem on gas separation application, could also be improved 
because the polymer chain ends have the high mobility in the polymer chain and related 
to the membrane plasticization through this crosslinking method. 
In this study, the highly gas permeable 
6FDA-2,3,5,6-tetramethyl-1,4-phenylene diamine (TeMPD) polyimide was used as a 
base polymer.  We synthesized two types of novel low-viscosity telechelic polyimide 
containing either 1,1-bis(acryloyloxy methyl ethyl isocyanate (BEI) or p-aminostyrene 
(PAS) in both chain ends of the 6FDA-TeMPD polymer.  The physical, thermal, and 
gas permeation properties of ultraviolet (UV)-cured polyimide membranes were 
investigated. 
 
2.2. EXPERIMENTAL 
2.2.1. Materials 
The monomers used in the synthesis, including 6FDA, p-aminophenethyl 
alcohol (APA), PAS (Sigma-Aldrich Co.), TeMPD (Tokyo Chemical Industry Co., Ltd.), 
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and BEI (Showa Denko K. K.), were used as-received without further purification.  
N-methyl-2-pyroridone (NMP, Junsei Chemical. Co., Ltd.), a polymerization solvent; 
p-xylene (Junsei Chemical. Co., Ltd.), an azeotropic agent; tetrahydrofuran (THF, 
Junsei Chemical. Co., Ltd.); and N,N-dimethylacetamide (DMAc, Junsei Chemical. Co., 
Ltd.) were dehydrated with well-dried 4A molecular sieves.  Pyridine and acetic 
anhydride (Junsei Chemical. Co., Ltd.) were used as chemical imidization catalysts.  
Dibutyltin dilaurate (DBTDL, Tokyo Chemical Industry Co., Ltd.) was also used as a 
catalyst.  1-Hydroxy cyclohexylphenyl ketone (Irg184, Japan Chibagaigi Co., Ltd.), a 
photopolymerization initiator, was used as-received without further purification. 
 
2.2.2. Synthesis of polyimides 
2.2.2.1. 6FDA-TeMPD-BEI 
The synthesis of the base polyimide 6FDA-TeMPD was based in the literature 
[7].  Scheme (a) shows the synthesis of 6FDA-TeMPD-BEI ([6FDA] / [TeMPD] / 
[BEI] = 100 / 90 / 20 molar ratio).  N2 purge was performed for 30 min to replace H2O 
in the four-necked separable flask.  Subsequently, TeMPD (1.66 g, 10.1 mmol) and 
APA (0.309 g, 2.25 mmol) were dissolved in 11.2 g NMP with constant stirring for 30 
min.  Subsequently, 6FDA (5.00 g, 11.3 mmol) was added into the solution and 
dissolved in 16.7 g NMP with constant stirring for 6 h.  NMP (6.15 g) and p-xylene 
(4.78 g) were added with constant stirring for 4 h at 180C.  Then, BEI (1.62 g, 6.75 
mmol) and DBTDL as activated catalysts were added to the flask slowly with constant 
stirring for 13 h at 60C.  An equimolar APA amount of BEI (0.539 g, 2.25 mmol) was 
again added, and the solution was stirred for 4 h.  This low-viscosity brown solution 
was poured into methanol.  The product of 6FDA-TeMPD-BEI was purified using the 
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solution-reprecipitation purification process by the THF–methanol solvent and then 
dried for 24–48 h under vacuum at 40C. 
 
2.2.2.2. 6FDA-TeMPD-PAS 
Scheme (b) shows the synthesis of 6FDA-TeMPD-PAS ([6FDA] / [TeMPD] / 
[PAS] = 100 / 90 / 20 molar ratio).  N2 purge was performed for 30 min to replace H2O 
in the four-necked separable flask.  Then, TeMPD (1.66 g, 10.1 mmol) and PAS (0.268 
g, 2.25 mmol) were dissolved in 10.9 g NMP with constant stirring for 30 min.  
Subsequently, 6FDA (5.00 g, 11.3 mmol) was added into the solution and dissolved in 
16.8 g NMP with constant stirring for 6 h.  Next, the imidization process was 
performed at room temperature using chemical imidization catalysts.  The catalysts 
pyrridine (6.23 g) and acetic anhydride (5.75 g) were added along with NMP (11.6 g) 
with constant stirring for 2 h.  This low-viscosity brown solution was poured into 
methanol.  The product of 6FDA-TeMPD-PAS was purified using the 
solution-reprecipitation purification process by the THF–methanol solvent and then 
dried for 24–48 h under vacuum at 40C.  
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2.2.3. Membrane preparation 
All membranes were prepared through the solvent-casting method.  
6FDA-TeMPD-BEI membranes were prepared by casting a filtered 11–12 wt% polymer 
solution in DMAc onto a petri dish.  6FDA-TeMPD and 6FDA-TeMPD-PAS 
membranes were prepared by casting a filtered 3 wt% polymer solution in THF onto a 
petri dish.  UV irradiation was carried out using a high-pressure mercury lamp (100 W, 
Riko-Kagaku Sangyo Co. Ltd.,) under nitrogen atmosphere at the distance of 15 cm 
with 3–4 wt% Irg184.  In this study, UV irradiation was conducted for 0, 30, 120, and 
360 min.  After UV irradiation, the 6FDA-TeMPD-BEI cast solution was left at 35C 
under vacuum for 24–48 h to volatilize the solvent.  Then, the obtained membranes 
were dried at 150C under vacuum for 48 h to eliminate any residual solvent.  The 
6FDA-TeMPD-PAS cast solution was also left at 35C under vacuum for 24–48 h to 
volatilize the solvent.  The thickness of the membranes used in this study varied from 
80 to 120 m. 
 
2.2.4. Structure analysis and characterization 
All characterization data were determined in the membrane state for at least 
three samples to confirm the reproducibility of the experimental results. 
1
H-NMR and 
13
C-NMR were performed at 25C with JNM-ECA500 (JEOL 
Ltd., Tokyo, Japan).  Chloroform-d (ISOTEC Inc.) was used as a solvent. 
Fourier transform-infrared spectrometry (FT-IR) was carried out using the KBr 
method with FT/IR-4100 (JASCO Co., Tokyo, Japan).  The measurement conditions 
were as follows: resolution, 2 cm
–1
; multiplication number, 32 times; and temperature, 
24 
23 ± 1C. 
The weight average molecular weight, Mw, the number average molecular 
weight, Mn, and the molecular weight distribution ratio, Mw/Mn, of the polymer were 
determined using a gel permeation chromatograph (GPC; HLC-8220, Tosoh Co., Tokyo, 
Japan) with TSK-gel columns (SuperAWM-H) and a detector (RI-8220).  The 
calibration was performed by polystyrene standards at 40C in a THF solvent at a flow 
rate of 0.300 mL/min.  Inherent viscosity (η) of polymers was measured using a Canon 
Fensuke viscometer (YOSHIDA SEISAKUSHO Co., Ltd.).  Sample solution was 
dissolved in 0.2, 0.3, 0.4, and 0.5 g/dL N,N-dimethylform amide (DMF, Junsei 
Chemical. Co., Ltd.) solution.  The fall time of the predetermined quantity of sample 
solutions was measured at 30C. 
Gel fraction measurement of the UV-cured membranes was conducted by 
extracting the membranes in THF for 24 h.  The measurement temperature was set to 
23 ± 1C.  The insoluble fractions were vacuum dried at 35C for approximately 24 h. 
Membrane density (ρ) was determined by flotation of the small membrane 
samples in a density gradient column, which was maintained at 23 ± 1C. 
Wide-angle X-ray diffraction (WAXD) measurements were performed on a 
Rint1200 X-ray diffractometer (Rigaku, Co., Ltd., Tokyo, Japan) using a Cu-Kα 
radiation source.  The wavelength of the radiation was 1.54 Å, and 2θ was the 
maximum intensity in a halo peak.  The d-spacing was estimated from Bragg’s 
equation using the maximum intensity in an amorphous scattering halo peak. 
Thermogravimetric analysis (TGA) was carried out using a Pyris 1 TGA 
Thermo Gravimetric Analyzer (PerkinElmer, Inc., Shelton, USA).  The polymer 
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sample of ca. 1.0 mg was heated from 50 to 700C in a platinum pan at a heating rate of 
10C/min under nitrogen atmosphere at a flow rate of 60 mL/min. 
 
2.2.5. Gas permeation properties 
The permeability coefficient (P) of pure gases [i.e., hydrogen (H2), oxygen (O2), 
nitrogen (N2), carbon dioxide (CO2), and methane (CH4)] in polyimide membranes was 
determined at 35 ± 1C using the constant-volume/variable-pressure method, according 
to the literature [19, 20].  The feed pressure was between 75 and 77 cmHg, and the 
permeate side was maintained under vacuum.  All permeation data were determined 
for at least three samples to ensure the reproducibility of the experimental results. 
The apparent diffusion coefficient (D) was determined from membrane 
thickness (ℓ) and time-lag (θ), the period of time needed to reach the steady state: 
6
2
D     (2.1) 
According to the solution-diffusion mechanism, the apparent solubility 
coefficient (S) can be evaluated as follows: 
D
P
S      (2.2) 
The ideal gas permselectivity (α) of gas A over B was expressed as the ratio of 
the permeability coefficient of gas A over that of gas B. 
B
A
B/A
P
P

  
    (2.3) 
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2.3. RESULTS AND DISCUSSION 
2.3.1. Polymer structure and characterization 
The polyimides were characterized according to their chemical structure, as 
presented in Scheme by 
1
H- and 
13
C-NMR and FT-IR analyses. 
6FDA-TeMPD-BEI 
1
H-NMR (500 MHz, CDCl3, ): 7.99 (2H, H
1
), 8.10 (2H, 
H
2
), 7.96 (2H, H
3
), 2.11 (12H, H
4
), 7.39 (4H,H
5
), 3.00 (2H,H
6
), 4.38 (2H,H
7
), 5.03 
(1H,H
8
), 1.41 (3H,H
9
), 4.30 (4H,H
10
), 6.11 (2H,H
11
), 6.40 (2H,H
12
), 5.85 (2H,H
13
).  
13
C-NMR (500 MHz, CDCl3, ): 165.98 (C
1
), 165.75 (C
2
), 132.77 (C
3
), 132.42 (C
4
), 
125.47 (C
5
), 124.27 (C
6
), 139.21 (C
7
), 136.02 (C
8
), 65.27 (C
9
), 122.27 (C
10
), 130.82 
(C
11
), 134.01 (C
12
), 15.68 (C
13
), 124.53 (C
14
), 129.74 (C
15
), 126.53 (C
16
), 119.96 (C
17
), 
35.03 (C
18
), 65.51 (C
19
), 166.19 (C
20
), 54.90 (C
21
), 65.96 (C
22
), 165.67 (C
23
), 127.76 
(C
24
), 131.58 (C
25
), 19.40 ppm (C
26
).  FT-IR (KBr, cm
–1
): 1786 (C=O asymmetric 
stretching), 1725 (C=O symmetric stretching), 1355 (CN stretching), 724 (C=O 
bending). 
6FDA-TeMPD-PAS 
1
H-NMR (500 MHz, CDCl3, ): 7.99 (2H, H
1
), 8.10 (2H, 
H
2
), 7.96 (2H, H
3
), 2.13 (12H, H
4
), 7.40 (2H, H
5
), 7.56 (2H, H
6
), 6.77 (1H, H
7
), 5.33 
(1H, H
8
), 5.80 (1H, H
9
).  
13
C-NMR (500 MHz, CDCl3, ): 166.05 (C
1
), 165.81 (C
2
), 
132.82 (C
3
), 132.48 (C
4
), 125.56 (C
5
), 124.34 (C
6
), 139.28 (C
7
), 136.05 (C
8
), 65.14 (C
9
), 
122.30 (C
10
), 130.88 (C
11
), 134.06 (C
12
), 15.78 (C
13
), 124.61 (C
14
), 127.00 (C
15
), 126.56 
(C
16
), 135.85 (C
17
), 137.90 (C
18
), 115.38 (C
19
).  FT-IR (KBr, cm
–1
): 1786 (C=O 
asymmetric stretching), 1725 (C=O symmetric stretching), 1355 (CN stretching), 724 
(C=O bending) (Figure 2.1).
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Figure 2.1  
1
H-NMR spectra of the (a) 6FDA-TeMPD-BEI and (b) 6FDA-TeMPD-PAS.
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Table 2.1 presents the summary of the physical properties of the synthesized 
telechelic polyimides.  The GPC elution curve of each polyimide sample showed a 
single broad peak.  The Mn, Mw, and Mw/Mn of 6FDA–TeMPD were estimated to be 
100,000, 160,000 g/mol, and 1.6, respectively; those of 6FDA-TeMPD-BEI were 
10,000, 14,000 g/mol, and 1.4, respectively; and those of 6FDA-TeMPD-PAS were 
12,000, 19,000 g/mol, and 1.6, respectively.  The molecular weight of both polyimides 
could be controlled using the mono-amine component and the feed ratio.  The Mn 
values of both telechelic polyimides determined using 
1
H-NMR were approximately 
9,000 and 8,000 g/mol.  The molecular weight determined from GPC measurement 
was similar to that determined from 
1
H-NMR.  This result suggests that both telechelic 
polyimides were able to introduce the UV-reacted functional groups at the polymer 
chain ends. 
 
Table 2.1  Characterization of the 6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS 
(a) Determined by GPC measurement using polystyrene standard in THF. 
(b) Determined by 
1
H-NMR measurement. 
 
The inherent viscosity of both telechelic polyimides was 0.19 dL/g, which was 
74% smaller compared with that of 6FDA-TeMPD (0.74 dL/g). 
Polymer 
Mn
 (a) 
(g/mol) 
Mw
 (a) 
(g/mol) 
Mw/Mn
 (a) Mn
 (b) 
(g/mol) 
 
(dL/g) 
6FDA-TeMPD 100,000 160,000 1.6 – 0.74 
6FDA-TeMPD-BEI 10,000 14,000 1.4 9,000 0.19 
6FDA-TeMPD-PAS 12,000 19,000 1.6 8,000 0.19 
29 
Figure 2.2 shows the photographs of the polyimide membranes.  As base 
polyimide, 6FDA-TeMPD formed a self-standing light-yellow transparent membrane.  
By contrast, both UV-uncured polyimide membranes were very brittle because of the 
weak entanglement of polymers.  These molecular weights were controlled at 
approximately 10,000 g/mol to obtain low viscosity.  Therefore, the solid properties of 
the UV-uncured membranes could not be measured.  On the other hand, both UV-cured 
membranes were good self-standing light-yellow membranes with increasing UV 
irradiation time.  This result suggests that the crosslinking reaction could occur at the 
polymer chain ends. 
Figure 2.3 shows the FT-IR spectra of these polyimide membranes.  The 
specific peaks, 1730 cm
–1
 (C=O stretching) and 1350 cm
–1
 (C–N stretching), which are 
the characteristic bands of polyimide, were observed in all polyimide membranes.  
This finding suggests that chemical structure changes did not occur in the 
6FDA-TeMPD polyimide.  In addition, each UV-cured membrane increased alkane 
peak at 2950 cm
–1
, which was attributed to the crosslinking reaction at the polymer 
chain ends with increasing UV irradiation time.  Therefore, the double bond at the 
polymer chain ends (i.e., acryloyl or vinyl group) reacted by UV irradiation and formed 
a crosslinked structure. 
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Figure 2.2  Photographs of the UV-cured 6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS membranes.
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Figure 2.3  FT-IR spectra of the UV-cured (a) 6FDA-TeMPD-BEI and (b) 
6FDA-TeMPD-PAS membranes. 
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Table 2.2 summarizes the physical properties of the polyimide membranes.  
The base 6FDA-TeMPD and both UV-uncured telechelic polyimide membranes were 
soluble in tetrahydrofuran, chloroform, and amine solvents such as DMAc, DMF, and 
NMP, whereas both UV-cured telechelic polyimide membranes were partly insoluble in 
the solvents.  This result suggests that both telechelic polyimides reacted at the 
polymer chain ends through UV irradiation.  Figure 2.4 shows the relationship between 
the gel fraction of UV-cured membranes and UV irradiation time.  The insoluble gel 
component was obtained after UV irradiation, presenting the crosslinked UV-cured 
membranes.  The gel fraction increased with increasing UV irradiation time with each 
UV-cured membrane, and it became constant in approximately 60% for 
6FDA-TeMPD-BEI and in approximately 80% for 6FDA-TeMPD-PAS at over 120 min 
of UV irradiation.  These results suggest that the crosslinking reaction at the polymer 
chain ends was almost completed at over 120 min.  In the conventional UV 
crosslinking method, BTDA-containing polyimides have almost 100% of gel fraction 
after UV irradiation [11].  Based on these results, our novel crosslinking approach 
using telechelic polyimides could prevent excess membrane densification.   
Furthermore, the terminal group content in the UV-cured membranes determined by 
1
H-NMR decreased with increasing UV irradiation time, suggesting that the UV 
crosslinking reaction could occur at the polymer chain ends.  The density of 
6FDA-TeMPD was 1.34 g/cm
3
, whereas that of the UV-cured membranes was from 
1.34 to 1.35 g/cm
3
 for 6FDA-TeMPD-BEI, and 1.32 to 1.36 g/cm
3
 for 
6FDA-TeMPD-PAS, respectively.  Although the crosslinking reaction proceeded 
and increased the gel fraction of the UV-cured polyimide membranes, this method could 
prevent membrane densification.
  
 
3
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Table 2.2  Physical properties of the UV-cured 6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS membranes 
(a) Determined by 
1
H-NMR measurement. 
 
Polymer 
UV irradiation 
time  
(min) 
Gel fraction 
(wt%) 
Terminal group 
content
 (a)
 
(mol%) 
 
(g/cm
3
) 
d-spacing 
(Å) 
6FDA-TeMPD 0 0.0 – 1.342 ± 0.003 6.2 ± 0.1 
6FDA-TeMPD-BEI 
0 0.0 6.52 ± 0.48 N/A N/A 
30 53.8 ± 4.1 4.62 ± 1.35 1.344 ± 0.001 5.8 ± 0.1 
120 68.1 ± 14.6 3.28 ± 0.06 1.345 ± 0.001 5.8 ± 0.1 
360 56.6 ± 9.4 0.00 1.350 ± 0.001 5.3 ± 0.1 
6FDA-TeMPD-PAS 
0 0.0 7.20 ± 0.03 N/A N/A 
30 51.2 ± 4.1 3.98 ± 0.80 1.323 ± 0.001 5.9 ± 0.1 
120 80.2 ± 2.9 0.00 1.332 ± 0.001 5.8 ± 0.1 
360 87.2 ± 3.3 0.00 1.367 ± 0.002 5.8 ± 0.1 
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Figure 2.4  UV irradiation time dependence on the gel fraction of the UV-cured 
6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS membranes. 
 
Figure 2.5 shows the WAXD patterns of these polyimide membranes.  All 
polyimide membranes were completely amorphous because a single broad halo was 
observed in all membranes.  The d-spacing value of 6FDA–TeMPD calculated using 
Bragg’s condition was 6.2 ± 0.1 Å, whereas that of the UV-cured membranes was 
almost the same (from 5.8 to 5.9 Å), which were below 5% to 9% smaller than the base 
polymer.  As expected from the density measurement, the crosslinking reaction at the 
polymer chain ends suppressed the increase in the degree of crosslink density.
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Figure 2.5  Wide angle X-ray diffraction patterns of the UV-cured (a) 
6FDA-TeMPD-BEI and (b) 6FDA-TeMPD-PAS membranes.
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Figure 2.6 shows the TGA curves for the polyimide membranes.  In all polyimide 
membranes, the thermal degradation was observed from 550°C, which was attributed to the 
decomposition of the 6FDA-TeMPD polyimide backbone.  Hence, the thermal stability of 
the main 6FDA-TeMPD polyimide component did not affect the crosslinking reaction at the 
polymer chain ends.  6FDA-TeMPD and UV-uncured 6FDA-TeMPD-PAS membranes 
showed one-step decomposition, whereas UV-uncured 6FDA-TeMPD-BEI and both 
UV-cured membranes showed multiple-step decomposition behavior.  This multiple-step 
decomposition could be attributed to the alkyl structure in the 6FDA-TeMPD-BEI polyimide.  
As the UV irradiation time increased, that is, the crosslinking reaction proceeded, the weight 
of the first thermal decomposition tended to increase.  This finding suggests that the styrene 
structure formed by the crosslinking reaction in the acryloyl or vinyl groups thermally 
decomposed. 
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Figure 2.6  TGA curves of the UV-cured (a) 6FDA-TeMPD-BEI and (b) 
6FDA-TeMPD-PAS membranes.
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2.3.2. Gas permeation properties 
Gas permeability measurement conducted except for the UV-uncured 
membrane and UV-cured 360 min of 6FDA-TeMPD-BEI because these membranes 
were brittle and caused cracking.  In the present study, any hysteresis in the permeation 
data in all membranes was not observed.  Only the maximum prediction value of each 
coefficient was estimated for comparison because the time lag of hydrogen was shorter, 
making a highly accurate detection difficult. 
Table 2.3 summarizes the gas permeability coefficient of the polyimide 
membranes.  The CO2 permeability coefficient of the base 6FDA-TeMPD polyimide 
membrane was 4.28 × 10
–8
 cm
3
 (STP)cm/(cm
2
 s cmHg), whereas that of UV-cured 
6FDA-TeMPD-BEI decreased by approximately 70% compared with 6FDA-TeMPD.  
By contrast, the gas permeability coefficient of UV-cured 6FDA-TeMPD-PAS 
decreased from approximately 20% to 70%.  As expected to the density of the 
UV-cured membranes, the gas permeability of the UV-cured 6FDA-TeMPD-BEI was 
lower than that of the UV-cured 6FDA-TeMPD-PAS. 
Table 2.4 summarizes the apparent gas diffusion coefficient of the polyimide 
membranes.  The CO2 diffusion coefficient of 6FDA-TeMPD was 1.09 × 10
–7
 cm
2
/s, 
whereas that of UV-cured 6FDA-TeMPD-BEI decreased from approximately 60% to 
70% compared with 6FDA-TeMPD.  By contrast, the CO2 diffusion coefficient of 
UV-cured 6FDA-TeMPD-PAS decreased from approximately 0% to 50%.  The gas 
diffusivity of the UV-cured 6FDA-TeMPD-PAS membranes was higher than that of the 
UV-cured 6FDA-TeMPD-BEI.  These results suggest that the 6FDA-TeMPD-PAS 
membranes greatly suppressed the densification compared with 6FDA-TeMPD-BEI, 
thereby preventing gas diffusivity reduction.
   
 
3
9
 
Table 2.3  Gas permeability coefficient of the UV-cured 6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS membranes 
Polymer 
UV irradiation time 
(min) 
Permeability coefficient (×10
–10
 cm
3
(STP)cm/(cm
2
 s cmHg)) 
H2 O2 N2 CO2 CH4 
6FDA-TeMPD 0 336 ± 2 71.2 ± 1.5 19.7 ± 0.1 428 ± 2 17.2 ± 0.1 
6FDA-TeMPD-BEI 
0 N/A N/A N/A N/A N/A 
30 115 ± 2 19.5 ± 0.1 4.93 ± 0.10 120 ± 1 4.42 ± 0.06 
120 161 ± 2 24.8 ± 0.3 5.87 ± 0.12 138 ± 1 4.53 ± 0.03 
360 N/A N/A N/A N/A N/A 
6FDA-TeMPD-PAS 
0 N/A N/A N/A N/A N/A 
30 291 ± 6 44.5 ± 0.9 10.3 ± 0.2 272 ± 6 10.1 ± 0.2 
120 317 ± 21 54.1 ± 3.6 13.8 ± 0.9 338 ± 23 12.5 ± 0.8 
360 158 ± 9 19.8 ± 1.1 4.58 ± 0.26 128 ± 7 3.88 ± 0.22 
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Table 2.4  Gas diffusion coefficient of the UV-cured 6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS membranes 
Polymer 
UV irradiation time 
(min) 
Diffusion coefficient (×10
–8
 cm
2
/s) 
H2 O2 N2 CO2 CH4 
6FDA-TeMPD 0 – 33.7 ± 0.5 11.2 ± 0.2 10.9 ± 0.1 2.76 ± 0.05 
6FDA-TeMPD-BEI 
0 – N/A N/A N/A N/A 
30 – 14.2 ± 0.7 4.98 ± 0.53 4.73 ± 0.03 1.19 ± 0.03 
120 – 13.1 ± 0.2 3.74 ± 0.12 3.87 ± 0.10 0.801 ± 0.026 
360 – N/A N/A N/A N/A 
6FDA-TeMPD-PAS 
0 – N/A N/A N/A N/A 
30 – 31.4 ± 0.7 6.08 ± 0.13 9.38 ± 0.20 1.76 ± 0.04 
120 – 41.2 ± 2.8 10.4 ± 0.7 11.9 ± 0.8 2.47 ± 0.17 
360 – 21.2 ± 1.2 5.09 ± 0.29 5.50 ± 0.31 0.939 ± 0.054 
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Table 2.5 summarizes the apparent gas solubility coefficient of the polyimide 
membranes.  The CO2 solubility coefficient of 6FDA-TeMPD was 0.392 cm
3
 
(STP)/(cm
3
 cmHg), whereas that of UV-cured 6FDA-TeMPD-BEI decreased from 
approximately 10% to 30% compared with 6FDA-TeMPD.  By contrast, the CO2 
solubility coefficient of UV-cured 6FDA-TeMPD-PAS gradually decreased from 
approximately 25% to 40% with increasing UV irradiation time.  The gas permeability 
of the UV-cured membranes was affected by both gas diffusion coefficient and gas 
solubility coefficient, particularly for the gas diffusivity rather than the solubility. 
Table 2.6 summarizes the ideal gas permselectivity of the polyimide 
membranes.  The gas permselectivity of both UV-cured membranes was higher than 
that of 6FDA-TeMPD membrane.  This increase in the ideal gas permselectivity was 
attributed to the increase in the gas diffusivity selectivity rather than the solubility 
selectivity.  Figure 2.7 shows the relationship between α(H2/CH4) separation 
performance and Robeson’s upper bound (2008) [21].  The UV-cured 
6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS membranes showed higher H2 gas 
permeability as compared with other aromatic polyimide membranes.  The gas 
permselectivity α(H2/CH4) of 6FDA-TeMPD was 19.5, whereas that of 
6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS was over 25.  These results can be 
attributed to the increase in gas permselectivity based on the differences in molecular 
size by the formation of the crosslinking structure at the polymer chain ends.  
Therefore, the crosslinking reaction of telechelic polyimides at the polymer chain ends 
using UV irradiation was more effective than the conventional crosslinking for the 
improvement of gas permselectivity and the suppression of significant decrease in gas 
permeability.
   
 
4
2
 
Table 2.5  Gas solubility of the UV-cured 6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS membranes 
Polymer 
UV irradiation time 
(min) 
Solubility coefficient (×10
–2
 cm
3
(STP)/(cm
3
 cmHg)) 
H2 O2 N2 CO2 CH4 
6FDA-TeMPD 0 – 2.11 ± 0.03 1.77 ± 0.16 39.2 ± 0.1 6.23 ± 0.07 
6FDA-TeMPD-BEI 
0 – N/A N/A N/A N/A 
30 – 1.38 ± 0.07 1.00 ± 0.09 25.4 ± 0.1 3.72 ± 0.14 
120 – 1.89 ± 0.04 1.57 ± 0.08 35.7 ± 1.1 5.65 ± 0.20 
360 – N/A N/A N/A N/A 
6FDA-TeMPD-PAS 
0 – N/A N/A N/A N/A 
30 – 1.42 ± 0.03 1.70 ± 0.04 29.1 ± 0.6 5.75 ± 0.12 
120 – 1.31 ± 0.09 1.34 ± 0.09 28.4 ± 1.9 5.04 ± 0.34 
360 – 0.934 ± 0.053 0.901 ± 0.052 23.3 ± 1.3 4.14 ± 0.24 
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Table 2.6  Ideal gas permselectivity of the UV-cured 6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS membranes 
Polymer 
UV irradiation time 
(min) 
Gas permselectivity 
H2/N2 H2/CH4 CO2/N2 CO2/CH4 O2/N2 
6FDA-TeMPD 0 17.0 ± 0.2 19.5 ± 0.2 21.7 ± 0.2 24.9 ± 0.3 3.61 ± 0.09 
6FDA-TeMPD-BEI 
0 N/A N/A N/A N/A N/A 
30 23.3 ± 0.9 26.0 ± 0.8 24.3 ± 0.7 27.2 ± 0.6 3.95 ± 0.10 
120 27.3 ± 1.0 35.5 ± 0.7 23.6 ± 0.6 30.6 ± 0.4 4.22 ± 0.14 
360 N/A N/A N/A N/A N/A 
6FDA-TeMPD-PAS 
0 N/A N/A N/A N/A N/A 
30 28.2 ± 0.6 28.7 ± 0.6 26.4 ± 0.6 26.9 ± 0.6 4.32 ± 0.09 
120 22.9 ± 1.5 25.4 ± 1.7 24.4 ± 1.6 27.1 ± 1.8 3.91 ± 0.26 
360 34.6 ± 2.0 40.8 ± 2.3 27.9 ± 1.6 33.0 ± 1.9 4.33 ± 0.25 
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Figure 2.7  Relationship between H2 permeability and H2/CH4 permselectivity for the 
UV-cured membranes with Robeson’s upper bound.  Polymer: 6FDA-TeMPD-BEI 
(● ), 6FDA-TeMPD-PAS (■ ), 6FDA-TeMPD (◆ ), general polyimide (○ ), 
crosslinked polyimide (△). 
 
2.4. CONCLUSIONS 
Two types of low-viscosity fluorine-containing telechelic polyimides 
containing acryloyl or vinyl groups at the polymer chain ends were synthesized.  Both 
chain ends of the 6FDA-TeMPD base polymer were end-capped with either BEI or PAS 
with a UV-reacted functional group.  The molecular weight and inherent viscosity of 
both telechelic polyimides were 10,000–12,000 g/mol and 0.19 dL/g, respectively.  
The two types of telechelic polyimide membranes, 6FDA-TeMPD-BEI and 
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6FDA-TeMPD-PAS, were formed with UV irradiation from the low-viscosity solutions 
by the solvent-casting method.  Both UV-cured membranes were good self-standing 
light-yellow membranes with increasing UV irradiation time.  This result suggests that 
the UV crosslinking reaction could occur at the polymer chain ends.  The gas 
permselectivity of both UV-cured membranes increased with increasing UV irradiation 
time as compared with 6FDA-TeMPD polyimide.  These results were attributed to an 
increase in gas permselectivity based on the differences in molecular size by the 
formation of the crosslinking structure at the polymer chain ends.  Therefore, the 
crosslinking reaction of telechelic polyimides at the polymer chain ends using UV 
irradiation was more effective than the conventional crosslinking for the improvement 
of gas permselectivity and the suppression of significant decrease in gas permeability. 
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Chapter 3 
 
CHARACTERIZATION AND GAS PERMEATION PROPERTIES 
OF UV-CURED FLUORINE-CONTAINING TELECHELIC 
POLYIMIDE MEMBRANES WITH A CROSSLINKER 
 
SUMMARY 
 
The characterization and gas permeation properties of ultraviolet (UV)-cured 
fluorine-containing telechelic polyimide membranes and end-capped with a crosslinker 
with acryloyl groups were investigated.  Membrane formation property was improved 
by the addition of crosslinker by using UV irradiation.  The densities of UV-cured 
membranes were almost similar to each other, and high gel fraction was shown on the 
UV-cured membranes.  This result suggests that the crosslinker promotes crosslink 
reaction at the polymer chain ends and does not induce appreciable membrane 
densification.  Furthermore, the gas permeability of the UV-cured membranes was 
higher than that of the membrane without the crosslinker.  The higher gas permeability 
is due to the new crosslink structure formed at the polymer chain ends, which was 
promoted by the crosslinker after UV irradiation, but did not induce appreciable 
membrane densification.  The use of the crosslinker in the telechelic polyimide 
membranes promoted the crosslink reaction and increased the H2 permselectivity 
because H2 permeability was not sensibly affected by the crosslink reaction.  
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3.1. INTRODUCTION 
Fluorine-containing polyimides have been widely used as adhesives, electronic 
components, and gas separation membranes because of their greater thermal stability 
and mechanical strength, lower dielectric constant, and higher gas permeability 
compared with other general polyimides [1-4].  Polyimides, which are composed of 
4,4'-hexafluoroisopropylidene diphthalic anhydride (6FDA), have a high gas 
permeability and permselectivity based on its high free volume and fluorine [5-8].  
Particularly, 6FDA-2,3,5,6-tetramethyl-1,4-phenylene diamine (TeMPD) is recognized 
to have a high gas permeability because of the bulky CF3 group of 6FDA and tetra 
methyl group of TeMPD.  Among its applications, polyimide materials are generally 
used in membrane states.  Therefore, its ability to form membranes is one of the 
desirable properties of industrial polyimides.  The solvent-casting method is one of the 
effective methods of membrane fabrication.  However, the high viscosity of polyimide 
solutions hinders the formation of thin layers during the preparation of composite 
membranes by using porous support substrate.  To address this problem, large 
quantities of casting solvents have been used to decrease the viscosity of the polymer 
solution.  However, this method causes an environmental burden and increases the 
treatment equipment cost [9].  Therefore, preparing composite membranes by using a 
low-viscosity polymer is preferred for environmental considerations. 
Presently, gas separation membranes are still modified to improve gas 
permeability and permselectivity.  The crosslinking of polymer segments is an 
effective method to improve gas separation performance [10-18].  Although many 
crosslink reactions for gas separation membranes have been reported, the degree of 
crosslinking is a tradeoff with gas permeability.  The excessive crosslinking density of 
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polymer membranes improves gas permselectivity but significantly reduces gas 
permeability because of membrane densification [11, 12, 19-22].  This study 
hypothesizes that the use of telechelic polymers effectively forms crosslink structure at 
the polymer chain ends.  A low degree of crosslinking improves gas separation 
performance and prevents membrane densification, which prevent the decrease in gas 
permeability. 
UV crosslinking is one of the notable methods for gas separation membrane 
[23].  Previously, we reported that the synthesis and gas permeation properties of novel 
telechelic polyimides are composed of 6FDA and TeMPD end-capped with the 
UV-reactive group, 1,1-bis(acryloyloxy methyl) ethyl isocyanate (BEI) [24].  
Furthermore, we obtained self-standing membranes via casting method by exposing 
telechelic polyimides to UV irradiation.  Obtaining self-standing membranes require a 
lengthy UV irradiation time (e.g., 30 min).  However, a short UV irradiation time is a 
desired characteristic in industrial applications.  Effective crosslinking was achieved in 
our previous research by using UV irradiation and a low molecular weight additive [14].  
Therefore, the crosslink reaction of 6FDA-TeMPD-BEI is promoted by the addition of a 
UV-reactive BEI crosslinker.  We expected that the UV irradiation of telechelic 
polyimide with the addition of crosslinkers resulted in an increase in UV reactivity and 
transformations in membrane performance by increasing its chain length at the 
crosslinking points.  BEI has satisfactory compatibility with 6FDA-TeMPD-BEI 
telechelic polyimides.  Furthermore, the reaction between two kinds of crosslinkable 
compounds develops a crosslink reaction with each other and prevents phase separation 
[25].  Therefore, we expected that the 6FDA-TeMPD-BEI and BEI crosslinker will 
result in a crosslink reaction with each other without phase separation.  In this research, 
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the physical, thermal, and gas permeation properties of UV-cured membranes were 
investigated by using BEI crosslinkers to promote crosslink reactions at the polymer 
chain ends. 
 
3.2. EXPERIMENTAL 
3.2.1. Materials 
The monomers used in the synthesis, which include 6FDA (Daikin Industries 
Ltd.), p-aminophenethyl alcohol (APA) (Sigma-Aldrich Co.), and TeMPD (Tokyo 
Chemical Industry Co., Ltd.), were used as received without further purification.  BEI 
was supplied by Showa Denko K. K., and was used as received without further 
purification.  N-Methyl-2-pyroridone (NMP, Junsei Chemical. Co., Ltd.), a 
polymerization solvent, p-xylene (Junsei Chemical. Co., Ltd.), an azeotropic agent, and 
tetrahydrofuran (THF, Junsei Chemical. Co., Ltd.) were dehydrated with well-dried 4A 
molecular sieves.  Dibutyltin dilaurate (DBTDL, Tokyo Chemical Industry Co., Ltd.) 
was also used as a catalyst.  1-Hydroxycyclohexylphenyl ketone (Irg184, Japan 
Chibagaigi Co., Ltd.), a photopolymerization initiator, was also used as received 
without further purification. 
 
3.2.2. Membrane preparation 
Membrane preparation was performed via a casting method by using 
6FDA-TeMPD-BEI telechelic polyimide, which was synthesized according to our 
previous study [24].  In the present study, BEI was added into the NMP casting 
solution as a crosslinker.  A given amount of BEI was added into the casting solution.  
The UV-cured membranes were prepared by casting a filtered 11 wt% NMP solution 
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onto a Petri dish.  UV irradiation was performed using a high-pressure mercury lamp 
(100 W, Riko-Kagaku Sangyo Co. Ltd.,), which was operated at the distance of 15 cm 
with 3 wt% Irg184 as the photopolymerization initiator in a nitrogen atmosphere.  UV 
irradiation was conducted for 0, 5, 15, and 30 min.  After UV irradiation, the 
6FDA-TeMPD-BEI cast solution was left at 35C in a vacuum for 24–48 h to volatilize 
the solvent.  The obtained membranes were then dried in a vacuum at 150C for 48 h 
and were immersed in methanol for 3 days.  The membranes were dried at 100C in a 
vacuum for 24 h to eliminate any residual solvent.  The thickness of the membranes 
varied from 80 to 120 m. 
 
3.2.3. Structure analysis and characterization 
All characterization data were determined in the membrane state by using at 
least three samples to confirm the reproducibility of the experimental results. 
1
H-NMR and 
13
C-NMR were performed at 25C by using chloroform-d 
(ISOTEC Inc.) with JNM-ECA500 (JEOL Ltd., Tokyo, Japan). 
Fourier transform-infrared spectrometry (FT-IR) was carried out using the KBr 
method with FT/IR-4100 (JASCO Co., Tokyo, Japan).  The measurement conditions 
were as follows: resolution, 2 cm
–1
; multiplication number, 32 times; and temperature, 
23 ± 1C. 
The weight average molecular weight (Mw), the number average molecular 
weight (Mn), and the molecular weight distribution ratio (Mw/Mn) of the polymer were 
determined by using a gel permeation chromatograph (GPC; HLC-8220, Tosoh Co., 
Tokyo, Japan) with TSK-gel columns (SuperHZM-M) and a detector (RI-8220).  The 
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calibration was performed using polystyrene standards at 40C in a THF solvent at a 
flow rate of 0.300 mL/min. 
The gel fraction measurement of the UV-cured membranes was conducted by 
extracting the membranes in THF for 24 h at 23 ± 1C.  The insoluble fractions were 
vacuum dried until a constant weight was obtained. 
The membrane density (ρ) of the polyimide membranes was determined by 
using a density gradient column of aqueous calcium nitrate tetrahydrate (Junsei 
Chemical Co., Ltd.) solution with a density hydrometer at 23 ± 1C. 
Water uptake was calculated using the following equation: 
100)( 


D
DS
W
WW
wt% uptake Water                 (3.1) 
where WS (g) and WD (g) are the weight of the water-swollen and completely dry 
membranes, respectively.  The water-swollen membranes were blotted to remove 
excess water.  The WS measurements were repeated until a constant weight was 
obtained. 
Wide-angle X-ray diffraction (WAXD) measurements were performed on a 
Rint1200 X-ray diffractometer (Rigaku, Co., Ltd., Tokyo, Japan) by using a Cu-Kα 
radiation source.  The wavelength of the radiation was 1.54 Å and 2θ was the 
maximum intensity in a halo peak.  The d-spacing was estimated from Bragg’s 
equation by using the maximum intensity in an amorphous scattering halo peak [26]. 
Thermogravimetric analysis (TGA) was carried out using a Pyris 1 TGA 
Thermogravimetric Analyzer (Perkin-Elmer, Inc., Shelton, USA).  The polymer 
sample of ca. 1.0 mg was heated from 50 to 700C in a platinum pan at a heating rate of 
10C/min in a nitrogen atmosphere at a flow rate of 60 mL/min. 
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3.2.4. Gas permeation properties 
The permeability coefficients (P) of pure gases; hydrogen (H2), oxygen (O2), 
nitrogen (N2), carbon dioxide (CO2), and methane (CH4) in polyimide membranes were 
determined at 35 ± 1C by using the constant-volume/variable-pressure method, 
according to the literature [27, 28].  The purities of the gases used in this research are 
as follows: H2, 99.99%; O2, 99.5%; N2, 99.99%; CO2, 99.9%, and CH4, 99.999%.  The 
feed pressure was between 75 and 77 cmHg, and the permeate side was maintained in a 
vacuum.  All permeation data were determined for at least three samples to ensure the 
reproducibility of the experimental results. 
The apparent diffusion coefficient (D) was determined based on membrane 
thickness (ℓ) and time-lag (θ), i.e., the period within which the steady state was reached: 
θ
D
2
6

      (3.2) 
According to the solution-diffusion mechanism, the apparent solubility 
coefficient (S) can be evaluated as follows: 
D
P
S       (3.3) 
The ideal gas permselectivity (α) of Gas A over Gas B was expressed as the 
ratio of the permeability coefficient of Gas A over that of Gas B. 
 B
A
B
A
B
A
S
S
D
D
P
P
                         (3.4) 
where DA/DB is the diffusivity selectivity (the ratio of the diffusion coefficients 
of Gases A and B) and SA/SB is the solubility selectivity (the ratio of the solubility 
coefficients of Gases A and B). 
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3.3. RESULTS AND DISCUSSION 
3.3.1. Polymer structure and characterization 
1
H-NMR, 
13
C-NMR, and FT-IR analyses were performed using the 
6FDA-TeMPD and 6FDA-TeMPD-BEI samples to confirm the chemical structures 
shown in Figure 3.1.  The conversion of introduction of BEI from APA at the polymer 
chain ends was 90.5 ± 2.7% based on the 
1
H-NMR analysis.  Therefore, the BEI 
content of the 6FDA-TeMPD-BEI telechelic polyimide was 6.5 mol%.  The number 
average molecular weight of the telechelic polyimide was 11,000 g/mol, and the 
distribution was 1.6 based on GPC measurements.  These values were consistent with 
those listed in previous literature [24]. 
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Figure 3.1  Chemical structures of the 6FDA-TeMPD polyimide, 6FDA-TeMPD-BEI 
polyimide, and BEI. 
 
A given amount of BEI was added into the casting solution to determine an 
optimal additive amount of BEI as a crosslinker for preparing UV-cured membranes.  
A cast solution was prepared by adding BEI crosslinker at 1, 2, and 3 times the amount 
of APA segment in 6FDA-TeMPD-BEI.  After UV irradation for 30 min, the 
self-standing membrane was obtained only after the addition of 1 and 2 times BEI.  On 
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the other hand, more BEI (3 times) could make brittle membranes compared with 
doubled BEI amount because the UV-cured BEI membrane (i.e., UV-cured monomer) 
was very brittle.  Based on this result, we investigated the 6FDA-TeMPD-BEI with 2 
counts of BEI crosslinker in this study. 
Figure 3.2 shows the photographs of the UV-cured polyimide.  The 
6FDA-TeMPD membrane was rigid and self-standing, whereas the unirradiated 
6FDA-TeMPD-BEI (UV 0 min) was brittle because of the low molecular weight, as 
reported in our previous study [24].  Therefore, we could not measure the membrane 
properties of the unirradiated 6FDA-TeMPD-BEI (UV 0 min).  Our previous 
investigation showed that for the self-standing UV-cured membrane without a 
crosslinker, the UV irradiation time should be at least 30 min.  On the other hand, the 
self-standing membrane with a crosslinker was already formed within 5 min of UV 
irradiation.  These results suggest that the addition of the BEI crosslinker promotes the 
crosslink reaction at the polymer chain ends of the telechelic polyimide within a short 
time of UV irradiation.  Furthermore, the UV-cured membranes had high transparency 
because of the crosslink reaction between 6FDA-TeMPD-BEI and the BEI crosslinker.  
The reaction is due to the efficient compatibility between polyimide and BEI, which 
suggests that the UV-cured membranes were not phase-separated.
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Figure 3.2  Photographs of the UV-cured 6FDA-TeMPD-BEI membranes.
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The 
1
H-NMR spectra of the dissolution part and the FT-IR spectra of the bulk 
property were obtained to investigate the structure of the UV-cured membranes.  
Figure 3.3 presents the 
1
H-NMR spectra, where the dissolution part of the UV-cured 
membranes with the BEI crosslinker was considered.  Based on the NMR analysis, the 
acryloyl peak of BEI gradually decreased until 15 min of UV irradiation.  The peak 
disappeared after 30 min of UV irradiation, which suggests that the crosslink reaction 
based on BEI proceeded completely.  The polyimide peak was constant after UV 
irradiation, which suggests that the polyimide structure was stable and that the main part 
of the polyimide did not undergo crosslinking.  Therefore, the structure change in the 
telechelic polyimide was based only on the polymer chain ends. 
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Figure 3.3  
1
H-NMR spectra of the dissolution part of the UV-cured membranes.
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Figure 3.4 presents the FT-IR spectra of the UV-cured membranes with the BEI 
crosslinker.  Compared with the unirradiated 6FDA-TeMPD-BEI (UV 0 min), each 
UV-cured membrane increased the peak at 2950 cm
–1
, which corresponds to the C–H 
stretching vibration.  On the other hand, the peak at 810 cm
–1
, which corresponds to 
the CH2 bending vibration of acryloyl groups, decreased.  In the UV-cured membranes, 
the peaks did not change with the UV irradiation time.  Thus, the crosslink reaction of 
the acryloyl groups of BEI could be almost complete after 5 min with the alkyl structure 
formed at the polymer chain ends.  Figure 3.5 also presents the FT-IR spectra of the 
UV-cured membranes for comparison with the BEI crosslinker.  The peak at 2950 cm
–1
, 
which corresponds to the CH2 bending vibration of acryloyl groups, increased compared 
with the previous method (without BEI crosslinker), which indicates that the BEI 
crosslinker promotes the crosslink reaction to form new alkyl segments.  The peak at 
2250 cm
–1
 corresponds to the N=C=O stretching vibration of BEI, which remained 
unchanged upon UV irradiation.  The specific peaks at 1730 (C=O stretching) and 
1350 cm
–1
 (C–N stretching), which are the characteristic bands of 6FDA-TeMPD as a 
base polymer, were observed in all polyimide membranes.  The result indicates that the 
chemical structure did not change in the 6FDA-TeMPD polyimide and that the crosslink 
reaction proceeded selectively at the acryloyl groups in the polymer chain ends. 
Figure 3.6 presents the polymer structure constructed by the Materials Studio 
software package ver. 6.0 from Accerlys Software, Inc.  The crosslink structure with 
the BEI crosslinker (b) prevents the densification more compared with the structure 
without BEI (a).  Conclusively, a crosslink structure with the BEI crosslinker could 
more efficiently form a new alkyl structure and prevent membrane densification 
compared with the structure without BEI.
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Figure 3.4  FT-IR spectra of the UV-cured 6FDA-TeMPD-BEI membranes. 
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Figure 3.5  FT-IR spectra of the UV-cured 6FDA-TeMPD-BEI membranes compared 
with those from previous research.
 62 
  
UV-cured polyimide without BEI UV-cured polyimide with BEI 
 
Figure 3.6  Crosslink structures of UV-cured 6FDA-TeMPD-BEI membranes 
constructed via molecular simulation. 
 
The physical properties of the UV-cured membranes are summarized in Table 
3.1.  The base 6FDA-TeMPD and UV unirradiated 6FDA-TeMPD-BEI (UV 0 min) 
were soluble in the used solvents, whereas UV-cured telechelic polyimide membranes 
were partly insoluble in the same solvents.  The gel fraction dramatically increased at 5 
min and was almost constant until 30 min.  The gel fraction of the UV-cured 
membranes exceeded 80%, which is higher than in the previous investigation.  
Therefore, the introduction of the BEI crosslinker promoted the crosslink reaction at the 
end of the polymer chains.  The 
1
H-NMR analysis considered the dissolution part of 
the UV-cured membranes.  The BEI content of the UV-cured membranes was 
determined by using the 
1
H-NMR decreased with increasing UV irradiation time.  The 
BEI content of the polyimide before the addition of BEI was 6.5 mol%.  By contrast, 
the BEI content of the UV unirradiated 6FDA-TeMPD-BEI (UV 0 min) after the 
addition of BEI was 19.4 mol%, whereas that of 6FDA-TeMPD-BEI (UV 5 min), which 
has a high gel fraction, was 6 mol% in the dissolution part.  This result suggests that 
the BEI-based reaction almost occurred after 5 min of UV irradiation.  Regardless of 
(a) (b) 
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the UV irradiation time, the density of the UV-cured membranes was almost the same, 
which ranges from 1.33–1.34 g/cm3.  These values are similar to that of 6FDA-TeMPD 
(i.e., 1.34 g/cm
3
).  This similarity suggests that the crosslinking at the polymer chain 
ends did not induce appreciable membrane densification.  The water uptake value was 
5.8% for 6FDA-TeMPD, whereas those for the UV-cured membranes tended to increase.  
This result suggests that UV-cured membranes are more hydrophilic compared with 
6FDA-TeMPD because of the formation of the crosslink structure.  Generally, the 
water uptake decreases with increasing crosslink density because of membrane 
densification.  However, a previous research has shown that membrane performance is 
strongly dependent on the chain length of the crosslinkers, and that membranes with 
longer aliphatic crosslinkers exhibit higher water uptake than uncrosslinked membranes 
[29].  This result implies that crosslinked chain length and chain flexibility could 
significantly affect membrane morphology and prevent chain packing.  In the present 
investigation, the increase in water uptake is attributed to the formation of the new alkyl 
segments at the polymer chain ends after UV irradiation. 
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Table 3.1  Physical properties of 6FDA-TeMPD, 6FDA-TeMPD-BEI, and their UV-cured membranes 
(a) Determined by 
1
H-NMR measurement. 
(b) Reference [24]. 
(c) Reference [23]. 
 
Polymer 
UV irradiation time 
(min) 
Gel fraction 
(wt%) 
BEI content 
(a)
  
(mol%) 
  
(g/cm
3
) 
Water uptake 
(wt%) 
d-spacing 
(Å) 
6FDA-TeMPD
 (b) 
0 0.0 0.00 1.342 ± 0.003 5.8 ± 0.7 6.2 ± 0.1 
6FDA-TeMPD-BEI 
(This method) 
0 0.0 6.52 ± 0.48 N/A N/A N/A 
5 82.4 ± 17.6 5.99 ± 0.92 1.341 ± 0.005 6.5 ± 0.2 5.8 ± 0.4 
15 83.5 ± 16.5 1.39 ± 0.57 1.327 ± 0.004 6.9 ± 0.9 6.0 ± 0.2 
30 80.6 ± 12.1 0.00 1.344 ± 0.001 7.2 ± 0.7 5.8 ± 0.2 
6FDA-TeMPD-BEI 
(Previous method)
 (c) 30 53.8 ± 4.1 4.62 ± 1.35 1.344 ± 0.001 N/A 5.8 ± 0.1 
 65 
Figure 3.7 presents the WAXD patterns of the UV-cured membranes.  A single 
broad halo was observed in all membranes, which indicates the formation of an 
amorphous structure.  The d-spacing, which can be determined by using Bragg’s 
condition, was 6.2 Å for 6FDA-TeMPD and 5.8 to 6.0 Å for the UV-cured membranes.  
Therefore, the d-spacing of the UV-cured membranes is lower than that of 
6FDA-TeMPD because of the crosslink reaction at the polymer chain ends.  However, 
the decrease in the d-spacing of the membranes after the UV crosslink reaction was less 
than what was expected.  Therefore, as expected from the value of the membrane 
density, significant membrane densification was not induced by the crosslink reaction at 
the polymer chain ends. 
Figure 3.8 presents the TGA curves of the UV-cured membranes.  The thermal 
properties of the UV-cured membranes are summarized in Table 3.2.  A one-step 
decomposition was observed at around 530°C in 6FDA-TeMPD, whereas the UV-cured 
membranes show a two-step decomposition at around 370 and 540°C.  The amount of 
the first decomposition of 6FDA-TeMPD-BEI was 7.9 wt%.  Based on the NMR 
analysis, the weight ratio of the BEI and APA segments in 6FDA-TeMPD-BEI was 
calculated to be about 8.3 wt%.  Therefore, this first decomposition is based on the 
decomposition of the BEI and APA segments.  Moreover, the decomposition behavior 
did not change with increasing UV irradiation time.  The decomposition temperature 
of the polyimide segments of the UV-cured membranes was higher than that of the 
6FDA-TeMPD.  Therefore, the crosslink reaction at the polymer chain ends improved 
the thermal stability of the polyimide segments.
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Figure 3.7  Wide angle X-ray diffraction patterns of the UV-cured 6FDA-TeMPD-BEI 
membranes. 
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Figure 3.8  TGA curves of the UV-cured 6FDA-TeMPD-BEI membranes. 
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Table 3.2  Thermal properties of 6FDA-TeMPD, 6FDA-TeMPD-BEI, and their UV-cured membranes 
(a) Reference [23]. 
Polymer 
UV 
irradiation 
time 
(min) 
T5 
(C) 
T10 
(C) 
T20 
(C) 
TD1 
(C) 
The amount of 
the first 
decomposition
 
(%) 
TD2 
(C) 
6FDA-TeMPD 
(a)
 0 513 ± 6 542 ± 2 567 ± 3 – – 535 ± 2 
6FDA-TeMPD-BEI 
(This method) 
0 399 ± 1 507 ± 1 561 ± 2 301 ± 2 7.9 ± 0.2 536 ± 1 
5 371 ± 10 420 ± 9 496 ± 17 364 ± 7 20.1 ± 0.6 542 ± 7 
15 377 ± 3 421 ± 2 489 ± 4 374 ± 4 20.4 ± 0.5 542 ± 5 
30 365 ± 11 416 ± 5 480 ± 11 372 ± 4 20.9 ± 0.7 538 ± 3 
6FDA-TeMPD-BEI 
(Previous method)
 (a) 30 403 ± 5 501 ± 6 565 ± 2 325 ± 4 8.9 ± 0.2 538 ± 2 
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3.3.2. Gas permeation properties 
The gas permeation measurements at 35°C for all polyimide membranes are 
summarized in Table 3.3.  Figure 3.9 presents the pure gas permeability, diffusion, and 
solubility coefficients of the membranes at 35°C as a function of UV irradiation time.  
The data for UV 0 min was used for 6FDA-TeMPD because the unirradiated 
6FDA-TeMPD-BEI (UV 0 min) was brittle.  The gas permeability coefficients of all 
polyimide membranes decreased in the following order: 
6FDA-TeMPD: CO2 > H2 > O2 > N2 > CH4 
UV-cured polyimide: H2 > CO2 > O2 > N2 > CH4 
The order of the gas permeability coefficients of O2, N2, and CH4 were similar 
regardless of the UV irradiation time.  However, the CO2 and H2 permeabilities of the 
UV-cured membranes changed compared with 6FDA-TeMPD.  The gas permeability 
of the UV-cured membranes rapidly decreased within the initial 5 min of UV irradiation 
and slightly decreased with subsequent increase in UV irradiation time.  For example, 
the CO2 permeability of 6FDA-TeMPD-BEI (UV 30 min) was 59% lower than that of 
6FDA-TeMPD.  A similar result was observed without BEI crosslinker in our previous 
research, and the CO2 permeability was 72% lower than that of 6FDA-TeMPD.  This 
difference in gas permeability could be attributed to the crosslink with the BEI 
component.  BEI formed new alkyl segments at the polymer chain ends after UV 
irradiation, and these alkyl segments did not induce appreciable membrane densification.
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Table 3.3  Gas permeability coefficient of the UV-cured 6FDA-TeMPD-BEI membranes 
Polymer 
UV irradiation time 
(min) 
Permeability coefficient (×10
–10
 cm
3
(STP)cm/(cm
2
 s cmHg)) 
H2 O2 N2 CO2 CH4 
6FDA-TeMPD 
(a) 
0 336 ± 2 71.2 ± 1.5 19.7 ± 0.1 428 ± 2 17.2 ± 0.1 
6FDA-TeMPD-BEI 
(This method) 
5 349 ± 23 52.0 ± 3.9 11.9 ± 1.4 276 ± 16 9.75 ± 1.18 
15 345 ± 6 48.5 ± 0.9 10.9 ± 0.5 239 ± 6 9.55 ± 0.19 
30 237 ± 49 34.2 ± 4.0 7.99 ± 0.96 174 ± 32 6.49 ± 0.37 
6FDA-TeMPD-BEI 
(Previous method)
 (a) 30 115 ± 2 19.5 ± 0.1 4.93 ± 0.10 120 ± 1 4.42 ± 0.06 
(a) Reference [23]. 
  
70 
10
-10
10
-9
10
-8
10
-7
0 5 10 15 20 25 30 35 40
CO
2
H
2
O
2
CH
4
N
2
UV irradiation time (min)
P
e
rm
e
a
b
il
it
y
 c
o
e
ff
ic
ie
n
t 
(c
m
3
(S
T
P
)c
m
/(
c
m
2
 s
 c
m
H
g
))
6FDA-TeMPD
Previous 
method
(a)
 
10
-9
10
-8
10
-7
10
-6
0 5 10 15 20 25 30 35 40
CO
2
O
2
CH
4
N
2
UV irradiation time (min)
6FDA-TeMPD
D
if
fu
s
io
n
 c
o
e
ff
ic
ie
n
t 
(c
m
2
/s
)
(b)
 
10
-2
10
-1
10
0
0 10 20 30 40
CO
2
O
2
CH
4
N
2
UV irradiation time (min)
6FDA-TeMPD
S
o
lu
b
il
it
y
 c
o
e
ff
ic
ie
n
t
(c
m
3
 (
S
T
P
) 
/(
c
m
3
 c
m
H
g
))
(c)
 
Figure 3.9  UV irradiation time dependence of permeability, diffusion, and solubility 
coefficient for various gases in the UV-cured 6FDA-TeMPD-BEI membranes at 35C 
and 1 atm.  (a) permeability coefficient, (b) diffusion coefficient, and (c) solubility 
coefficient.  Gases: hydrogen (), oxygen (), nitrogen (), carbon dioxide (), 
methane ().
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The apparent gas diffusion and solubility coefficients of the UV-cured 
membranes as a function of UV irradiation time are presented in Figures 3.9 (b) and (c).  
The time lag of H2 was shorter, making it difficult to detect with high accuracy.  Thus, 
only the maximum prediction value of each coefficient was estimated for comparison.  
The gas diffusion coefficient of the UV-cured membranes rapidly decreased after 5 min 
of UV irradiation and slightly decreased with subsequent increase in UV irradiation 
time.  For example, the CO2 diffusion coefficient of 6FDA-TeMPD-BEI (UV 30 min) 
was 59% lower than that of 6FDA-TeMPD.  This decrease in the gas diffusion 
coefficient is the result of the crosslink structure at the polymer chain ends. 
On the other hand, the order of the apparent gas solubility coefficients of 
6FDA-TeMPD and all UV-cured membranes was the same as that of gas condensability, 
such as the gas critical temperatures: 304 K (CO2), 191 K (CH4), 155 K (O2), 126 K 
(N2), and 33.3 K (H2).  The trend of the gas permeability coefficients did not follow 
the gas size and condensability.  This result indicates that the gas permeability 
coefficients of all polyimide membranes do not depend on either gas diffusion or 
solubility coefficient but on their interaction.  The gas solubility coefficient increased 
with increasing UV irradiation time for 15 min.  For example, the CO2 solubility 
coefficient of 6FDA-TeMPD-BEI (UV 15 min) was 32% higher than that of 
6FDA-TeMPD, which decreased afterwards.  Similar results were observed for the UV 
irradiated polyimide membranes [10, 12].  This increase in the gas solubility 
coefficient is due to the increase in the Henry or Langmuir dissolution because of the 
formation of the crosslink structure.  Therefore, the gas permeability of the UV-cured 
membrane depends on gas diffusivity rather than solubility.  The suppression of the 
decrease in gas permeability and diffusivity is also due to the increase in gas solubility. 
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The ideal gas permselectivities of the UV-cured membranes at 35°C are 
summarized in Table 3.4.  Figure 3.10 (a) presents the membrane gas permselectivity 
as a function of UV irradiation time at 35C.  The H2/CH4 and H2/N2 permselectivities 
were enhanced after 5 min of UV irradiation.  In particular, the H2/CH4 permselectivity 
of 6FDA-TeMPD-BEI (UV 30 min) improved from 20 to 37, which is about 88% 
higher than that of 6FDA-TeMPD.  The diffusivity selectivity for CO2/CH4, O2/N2, and 
CO2/N2 increased with increasing UV irradiation time as presented in Figure 3.10 (b).  
The increase in the diffusivity selectivity for CO2/CH4 and O2/N2 were higher than that 
for CO2/N2.  Therefore, the crosslink reaction at the polymer chain ends improved the 
diffusivity selectivity, which is similar to other crosslinked polymers [30, 31].  On the 
other hand, the solubility selectivity for CO2/N2 and CO2/CH4 decreased after UV 
irradiation, whereas that for O2/N2 was almost the same regardless of the UV irradiation 
time as presented in Figure 3.10 (c).  Therefore, the increase in gas permselectivity 
depends on the increase in the diffusivity selectivity rather than the decrease in 
solubility selectivity. 
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Table 3.4  Ideal gas permselectivity of the UV-cured 6FDA-TeMPD-BEI membranes 
Polymer 
UV irradiation time 
(min) 
Gas permselectivity 
H2/N2 H2/CH4 CO2/N2 CO2/CH4 O2/N2 
6FDA-TeMPD 
(a) 
0 17.0 ± 0.2 19.5 ± 0.2 21.7 ± 0.2 24.9 ± 0.3 3.61 ± 0.09 
6FDA-TeMPD-BEI 
(This method) 
5 29.3 ± 0.8 35.8 ± 0.1 23.1 ± 1.4 28.3 ± 1.1 4.36 ± 0.07 
15 31.6 ± 2.0 36.1 ± 1.3 21.9 ± 1.5 25.0 ± 1.1 4.44 ± 0.29 
30 29.7 ± 1.1 36.6 ± 2.3 21.8 ± 0.3 26.9 ± 3.1 4.28 ± 0.03 
6FDA-TeMPD-BEI 
(Previous method)
 (a) 30 23.3 ± 0.9 26.0 ± 0.8 24.3 ± 0.7 27.2 ± 0.6 3.95 ± 0.10 
(a) Reference [23].
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Figure 3.10  UV irradiation time dependence of gas permselectivity for various gases 
in the UV-cured 6FDA-TeMPD-BEI membranes at 35C and 1 atm.  (a) gas 
permselectivity, (b) diffusivity selectivity, and (c) solubility selectivity.  Gases: H2/N2 
(), H2/CH4 (), CO2/N2 (), CO2/CH4 (), O2/N2 ().
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Figure 3.11 shows the H2/CH4 separation performance of each polyimide 
membrane at 35°C with other general polyimides for comparison with the empirical 
upper bound cited from literatures [32].  The aromatic polyimide has excellent H2/CH4 
separation as presented in Figure 3.11.  In addition, the crosslinked polyimides were 
located near the upper bound with low gas permeability compared with the general 
polyimides.  The UV-cured 6FDA-TeMPD-BEI membranes showed higher H2 gas 
permeability relative to other aromatic polyimide membranes.  The H2 permeability 
and H2/CH4 permselectivity of 6FDA-TeMPD were 336 × 10
–10
 cm
3
 (STP)cm/(cm
2
 s 
cmHg) and 19.5, respectively.  The permeability and the permselectivity of 
6FDA-TeMPD-BEI (UV 5 min) were 349 × 10
–10
 cm
3
 (STP)cm/(cm
2
 s cmHg) and 36, 
respectively.  The permselectivity for the UV-cured membranes was higher than that of 
6FDA-TeMPD polyimide.  Therefore, the crosslink reaction at the polymer chain ends 
with the BEI crosslinker improves H2 permselectivity without significantly reducing gas 
permeability.  Moreover, the H2 permeability and H2/CH4 permselectivity of UV-cured 
membranes with the BEI crosslinker were higher than those without BEI because H2 
permeability was not sensibly affected by the crosslink reaction.  These results suggest 
that BEI forms new alkyl segments at the polymer chain ends after UV irradiation and 
these alkyl segments do not induce appreciable membrane densification via a crosslink 
reaction.  Hence, promoting crosslinking by using a BEI crosslinker at the polymer 
chain ends of telechelic polyimides does not result to significant membrane 
densification induced by the crosslink reaction, increasing H2 permselectivity without 
significantly decreasing H2 permeability.
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Figure 3.11  Relationship between H2 permeability coefficient and ideal H2/CH4 
permselectivity for UV-cured polyimide membranes with the upper bound (2008).  
Polymer: 6FDA-TeMPD-BEI (with BEI as crosslinker) (), 6FDA-TeMPD-BEI 
(previous method) (), 6FDA-TeMPD (), general polyimide (○ ), crosslinked 
polyimide (△). 
 
3.4. CONCLUSIONS 
The physical, thermal, and gas permeation properties of UV-cured telechelic 
polyimide, which is composed of 4,4'-hexafluoroisopropylidene diphthalic anhydride 
(6FDA) and 2,3,5,6–tetramethyl–1,4–phenylene diamine (TeMPD) end-capped with 
1,1-bis(acryloyloxy methyl) ethyl isocyanate (BEI), with a crosslinker were investigated.  
The self-standing membrane was fabricated with the BEI crosslinker within 5 min of 
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UV irradiation.  The membrane density of the UV-cured membranes with the 
crosslinker was almost similar with a high gel fraction, which suggests that the BEI 
crosslinker promotes crosslink reaction at the polymer chain ends and does not induce 
appreciable membrane densification.  The gas permeation property of the UV-cured 
membranes was determined at 35°C.  The gas permeability of the UV-cured 
membranes with the crosslinker was higher than that of the membrane without the 
crosslinker.  This result indicates that telechelic polyimide with the BEI crosslinker 
formed new alkyl segments at the polymer chain ends with the crosslinker after UV 
irradiation, and these alkyl segments do not result in appreciable membrane 
densification.  Hence, the use of crosslinkers on telechelic polyimides is one of the 
effective ways to promote crosslink reaction at the polymer chain ends and to increase 
H2 permselectivity without significantly decreasing H2 permeability.
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Chapter 4 
 
CHARACTERIZATION AND GAS PERMEATION PROPERTIES 
OF POLYIMIDE/ZSM-5 ZEOLITE COMPOSITE MEMBRANES 
CONTAINING IONIC LIQUID 
 
SUMMARY 
 
The current study investigates the preparation, characterization, and gas permeation 
properties of novel composite membranes containing polyimide (PI), ionic liquid (IL), 
and zeolite (ZSM-5), focusing on the effect of zeolite.  The free-standing composite 
membranes were prepared using the solvent casting method.  The SEM images show 
that the interfacial voids between PI and ZSM-5 decreased with increasing IL content.  
The addition of IL and ZSM-5 into the PI membrane improved the thermal stability of 
the composite membranes.  The gas permeability of the composite membranes was 
determined at 35°C.  The gas permeability of the PI+ZSM-5 membrane was higher 
than that of PI, but the gas permselectivity was significantly reduced, suggesting that 
these results can be attributed to the interface defects.  The CO2 permselectivity of the 
PI+ZSM-5+IL membranes was higher than that of the PI+ZSM-5 membranes because 
of the suppression of the interface defects brought about by the introduction of IL.  
Based on the gas permeation measurement under 10 atm for the PI+ZSM-5+IL (40/60) 
membrane, the change in IL amount before and after the measurement was not 
observed.  
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4.1. INTRODUCTION 
Polymer membrane-based gas separation has drawn attention because of its 
low cost and low energy demands.  For example, there are CO2/H2 separation for 
hydrogen purification in precombustion processes, CO2/CH4 separation for natural gas 
purification, and O2/N2 separation for oxygen enrichment air.  High gas permeability 
and permselectivity, as well as membrane strength and thermal stability, are essential for 
gas separation membranes. 
Fluorine-containing polyimides (PIs) are widely used in different applications, 
such as electronic materials, optical materials, and gas separation membranes because of 
their good solubility in solvents, mechanical strength, thermal stability, low dielectric 
constant, and high gas permeability [1, 2].  In particular, a fluorine-containing PI 
composed of 4,4'-hexafluoroisopropylidene diphtalic anhydride (6FDA) and 
2,3,5,6-tetramethyl-1,4-phenylene diamine (TeMPD) exhibits high gas permeability 
because of the bulky CF3 group of 6FDA and the tetramethyl group of TeMPD [3, 4]. 
The high performance of a single polymer material is difficult to achieve 
because gas permeability is traded off with gas permselectivity.  In the past decades, 
composites prepared from polymer and inorganic fillers called mixed matrix membranes 
(MMMs) have been investigated for enhancing gas separation performance [5].  The 
low interfacial interaction between the polymer matrix and the inorganic particles is one 
of the problems encountered in the fabrication of good MMMs.  Interface defects can 
significantly reduce the gas separation performance of MMMs [6-10].  Thus, a number 
of approaches, such as the surface modification of zeolite fillers and the addition of a 
compatibilizing agent into the membranes, have been introduced for improving 
membrane interface defects [11-16].  Previously, we have reported the use of liquid 
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sulfolane in PI/zeolite composite membranes [17].  Sulfolane was added to fill the 
interfacial voids in the composite membranes with the sulfolane itself.  This method 
has been proven effective in preventing interface defects.  However, the membranes 
containing sulfolane did not show long-term stability because it was an organic solvent 
with low vapor pressure.  Thus, the present study focuses on ionic liquids (ILs) with 
extremely low volatility and high CO2 affinity. 
ILs have recently attracted considerable attention in many fields because of 
their good thermal stability, high ionic conductivity, extremely low volatility, and 
solubility in organic molecules [18-20].  In addition, the properties of ILs depend on 
the types of cation and anion.  ILs with anions having fluoroalkyl groups exhibit high 
CO2 solubility [21-23].  High-IL content polymeric gel membranes have been prepared 
using fluorine-containing polymers (e.g., polyvinylidenefluoride), and their gas 
separation performances have been reported [24-26].  We have reported the gas 
separation properties of composite membranes composed of 6FDA-TeMPD, which is a 
glassy polymer, and IL [27].  Composite membranes with high IL content have good 
gas permeability and permselectivity.  The CO2 separation performance is located near 
the upper bound of a recently reported value.  However, composite membranes 
containing IL are gel membranes, and thus, increasing the IL content decreases the 
membrane strength [25].  Meanwhile, PI/zeolite composite membranes have higher 
strength than PI membranes without zeolite because of the addition of inorganic 
materials [28].  The gas transport properties of MMMs containing ILs have been 
reported [29-31].  However, the polymer structure is composed of polymerized 
room-temperature ILs (poly(RTILs)), which are materials that arise from the 
homopolymerization of RTIL-based monomers.  Poly(RTILs) have polymer-bound 
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cations and free anions (i.e., anions are not covalently bound to the polymer).  The 
effects of the addition of zeolite in composite membranes comprising simple polymer 
and IL have not been reported. 
This study focused on the effects of zeolite in PI/zeolite composite membranes 
containing ILs.  The physical, thermal, and gas permeation properties of the 
membranes were investigated in terms of zeolite presence and IL content. 
 
4.2. EXPERIMENTAL 
4.2.1. Chemicals 
The 6FDA-TeMPD PI monomers, namely, 6FDA and TeMPD, were purchased 
from Tokyo Chemical Industry Co., Ltd. (Japan) and Aldrich Inc. (USA), respectively.  
These monomers were vacuum dried prior to use.  The ZSM-5 zeolite was purchased 
from Zeolyst International, and was also vacuum dried prior to use.  The properties of 
the ZSM-5 zeolite are as follows: Si/Al = 30, real density = 1.768 g/cm
3
, and pore 
diameter = 0.54 to 0.55 nm [32, 33].  The particle size, as determined via scanning 
electron microscopy (SEM), ranges from 0.3 to 3.0 μm.  [C4mim][Tf2N] IL was 
purchased from Tokyo Chemical Industry Co., Ltd. (Japan) and was used without 
further purification. 
 
4.2.2. Membrane preparation 
6FDA-TeMPD PI was synthesized according to previous literature [3].  
Isotropic dense PI membranes were prepared by casting a filtered 5 wt% solution of the 
polymer in dichloromethane into glass dishes.  ZSM-5 zeolite was vacuum dried for 72 
h, and then added into the IL solution at a zeolite content of 15 wt% of the polymer 
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weight.  The IL content varied from 0 to 66 wt%.  The IL-adsorbed ZSM-5 zeolite 
was added to the 5% filtered PI solution.  Subsequently, the solution was casted onto a 
flat-bottomed glass dish, and the solvent was allowed to evaporate slowly for 
approximately 72 h.  The well-dried membrane was utilized to determine the effect of 
membrane thickness, which varied from 60 to 100 μm with a measurement uncertainty 
of ± 2 μm.  Therefore, four kinds of membranes, namely, 6FDA-TeMPD (PI), 
6FDA-TeMPD-ZSM-5 zeolite (PI+ZSM-5), 6FDA-TeMPD-ZSM-5 zeolite containing 
IL (PI+ZSM-5+IL), and 6FDA-TeMPD containing IL (PI+IL) were prepared.  The 
samples were represented as (PI content/IL content). 
 
4.2.3. Membrane characterization 
All characterization data were obtained in membrane state using a minimum of 
three samples to confirm the reproducibility of the experimental results. 
The characterization of PI membranes was conducted through proton and 
carbon nuclear magnetic resonance (
1
H-and
 13
C-NMR) spectroscopies using a 
JNM-ECA500 spectrometer (JEOL Ltd., Tokyo, Japan).  The measurements were 
performed in chloroform solutions. 
Fourier transform infrared (FT-IR) spectroscopy using the KBr method for 
polymer structure analysis was performed on an FT/IR-4100 (JASCO Co., Tokyo, 
Japan).  In addition, the attenuated total reflectance (ATR)-FTIR of the surface analysis 
of the composite membrane was performed using a Zn-Se prism at 23 ± 1°C.  Each 
spectrum was averaged over 32 scans at a resolution of 2 cm
–1
, and the incident angle to 
the crystal was 45. 
SEM was performed using a high-resolution field emission scanning electron 
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microscope (S5200, JEOL Ltd., Tokyo, Japan). 
Membrane density (ρ) was measured using a volumetric method at 23 ± 1°C 
based on the given membrane weight and volume.  However, this method usually 
includes relatively large deviations, and thus, the density determination was repeated 
until reproducibility was obtained. 
Wide-angle X-ray diffraction (WAXD) measurement was performed on a Rint 
1200 X-ray diffractometer (Rigaku, Co. Ltd., Tokyo, Japan) at a scanning speed of 
2°/min using a Cu-Kα radiation source at 40 kV and 20 mA at a dispersion angle range 
of 3 to 50°.  The wavelength was 1.54 Å.  The d-spacing, which represents the mean 
distance between the polymer chains, was calculated according to Bragg’s conditions 
[34]. 
Thermogravimetric analysis (TGA) was performed on a Pyris 1 TGA 
thermogravimetric analyzer (PerkinElmer, Inc., Shelton, USA).  The polymer sample 
(ca. 1.0 mg) was heated in a platinum pan from 50 to 900C at a heating rate of 
10C/min under a nitrogen atmosphere at a flow rate of 60 mL/min.  The IL content 
was calculated from the decrease ratio at the IL decomposition temperature. 
Differential scanning calorimetry (DSC) was used to analyze the membranes 
using a Diamond DSC (PerkinElmer, Inc., Shelton, USA).  The sample pan-kit alum 
was made of aluminum.  The heat scan was conducted from –150 to 500°C at a heating 
rate of 10°C/min under a nitrogen or helium atmosphere.  The glass transition 
temperature (Tg) was determined as the middle point of the endothermic transition in the 
second scan. 
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4.2.4. Gas permeation 
H2, O2, N2, CO2, and CH4 pure gas permeabilities were determined using the 
constant-volume/variable-pressure method, which measures the steady-state gas flux 
through a membrane of known thickness under a given pressure difference.  All 
permeation data were determined at 35°C using a minimum of three samples to ensure 
the reproducibility of the experimental results.  The upstream gas pressure ranged from 
75 to 77 cmHg, whereas the downstream was under vacuum.  A full description of this 
experimental setup is described in the literature [27]. 
The gas permeability coefficient, P [cm
3
 (STP)cm/(cm
2
 s cmHg)], was 
determined using the following equation: 

pAT
V
dt
dp
P
11
)273(760
273

                      (4.1) 
where dp/dt is the pressure increase in time, t, at steady state; V (cm
3
) is the downstream 
volume; T (°C) is the temperature; A (cm
2
) is the effective membrane area; p (cmHg) is 
the upstream pressure; and ℓ (cm) is the membrane thickness.  The gas molecules were 
permeated through a membrane from the upper side and casted to the bottom side.  The 
ideal gas permselectivity, α, was calculated using the ratio of the permeability 
coefficient of Gas A over that of Gas B as follows: 
                    
B
A
P
P
                            (4.2) 
The pure gas permeability of the PI membranes under high pressure was 
determined from the membrane samples using the constant-volume/variable-pressure 
method at 35 ± 1C.  The upstream pressure was 10 atm, and the downstream pressure 
was maintained under vacuum.  The measurement time was 1440 min. 
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4.3. RESULTS AND DISCUSSION 
4.3.1. Membrane characterization 
1
H-NMR, 
13
C-NMR, and FT-IR analyses were performed on the PI to confirm 
the chemical structures shown in Figure 4.1.  The IL content in the composite 
membrane determined by TGA measurement mostly corresponded to the feed content 
presented in Table 4.1.  The PI membranes exhibited effective membrane-forming 
ability regardless of the zeolite and IL contents.  No chemical reaction occurred among 
the PI, zeolite, and IL in the composite membranes, as confirmed by the similarity of the 
1
H- and 
13
C-NMR results.  These results indicate that the additive chemical bond 
among PI, zeolite, and IL did not form. 
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Figure 4.1  Chemical structures of 4,4'-(hexafluoroisopropylidene) diphthalic 
anhydride (6FDA)-2,3,5,6-tetramethyl-1,4-phenylenediamine (TeMPD) PI and 
1-butyl-3-methyl-imidazolium bis(trifluoromethyl-sulfonyl) imide ([C4mim][Tf2N]).
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Table 4.1  Physical properties of PI, PI+ZSM-5, PI+IL, and PI+ZSM-5+IL membranes 
 
Polymer 
IL content 
 (wt%)
 
 Membrane density 
(g/cm
3
) 
d-spacing 
(Å) 
In feed TGA 1 st 2 nd 
PI
 (a) 
0 0 1.323 ± 0.029 6.5 ± 0.1 N/A 
PI+ZSM-5
 (a) 
0 0 1.361 ± 0.010 6.5 ± 0.1 N/A 
PI+IL
 (b) 
9 10 ± 1 1.332 ± 0.003 6.5 ± 0.1 N/A 
17 17 ± 1 1.346 ± 0.012 6.2 ± 0.1 N/A 
33 35 ± 1 1.353 ± 0.024 5.8 ± 0.1 N/A 
60 61 ± 1 1.384 ± 0.037 6.8 ± 0.1 4.8 ± 0.1 
66 65 ± 1 1.398 ± 0.009 7.1 ± 0.1 4.8 ± 0.1 
PI+ZSM-5+IL
 
9 10 ± 1 1.365 ± 0.019 6.1 ± 0.1 N/A 
17 17 ± 2 1.373 ± 0.039 6.0 ± 0.1 N/A 
33 35 ± 1 1.387 ± 0.044 5.9 ± 0.1 N/A 
60 59 ± 2 1.419 ± 0.027 6.7 ± 0.1 4.9 ± 0.1 
66 65 ± 2 1.420 ± 0.028 7.1 ± 0.1 4.8 ± 0.1 
IL ([C4mim][Tf2N])
 (b)
 100 100 1.44 ‒ ‒ 
(a) Reference [17]. 
(b) Reference [27]. 
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The ATR-FTIR peaks corresponding to the PIs [e.g., 1787 cm
–1
 (C=O 
asymmetric stretching), 1725 cm
–1
 (C=O symmetric stretching), 1354 cm
–1
 (CN 
stretching), 1256 cm
–1
 (C–F stretching), and 724 cm–1 (C=O bending)] were observed 
on both sides of all membranes.  IL absorptions at 3200–3000 cm–1 (Ring C–H 
stretching), 3000–2900 cm–1 (C–H stretching), 1575 cm–1 (C=N stretching), 1431 cm–1 
(C=C stretching), 1250–1150 cm–1 (C–F stretching), and 1055 cm–1 (S=O bending) 
were observed on both sides of the composite membranes.  Figure 4.2 shows the 
ATR-FTIR spectra of the top and bottom surfaces of the PI+ZSM-5 and PI+ZSM-5+IL 
membranes.  The zeolite specific peak at 1069 cm
–1
 (internal vibrations of Si and the 
AlO4 tetrahedra) was observed only from bottom sides of the PI+ZSM-5 and 
PI+ZSM-5+IL membranes.  Fundamentally, the zeolite should be well-dispersed in the 
membranes to prevent agglomeration and sedimentation by the acceleration of solvent 
evaporation process, the modification of filler, and so on [35].  However, in this study, 
zeolite was purposely collected at the bottom side of the composite membranes in the 
same condition as that in a previous study to form larger voids between PI and zeolite, 
and to make the changes in the voids easier to observe by adding IL [17].  ZSM-5 was 
selected because larger voids between PI and zeolite were formed in the 
6FDA-TeMPD/ZSM-5 composite membranes.  The IL peaks on both sides of the 
membranes increased with increasing IL content, suggesting that IL was well-dispersed 
in the membranes.  These results illustrate the high compatibility of PI and IL in 
PI+ZSM-5+IL composite membranes.  However, in the composite membranes with > 
60 wt% IL, IL peak intensity of the bottom side was slightly stronger than that of the 
upper side.  This result suggests that the IL-dispersed state on the polymer matrix 
changed by the addition of ZSM-5.  The ATR-FTIR results show the state at a depth of 
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1 to 2 μm from the membrane surface.  Thus, PI+ZSM-5 and PI+ZSM-5+IL 
membranes exhibited graded structures in the form of zeolites at the bottom sides of the 
membranes. 
Figure 4.3 shows the photographs of the PI, PI+ZSM-5, and PI+ZSM-5+IL 
membranes.  All membranes in this study were free-standing membranes.  The PI 
membrane displayed a slight yellow transparent color, whereas the PI+ZSM-5 
membrane exhibited a cloudy transparency because of the presence of the zeolite, as 
shown in Figure 4.3.  The PI+ZSM-5+IL membranes became more transparent and 
flexible with increasing IL content.  The PI+ZSM-5+IL membranes were stronger than 
the PI+IL membranes, and this increase in membrane strength can be attributed to the 
addition of inorganic materials.
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Figure 4.2  Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 
spectra of PI composite membranes: (a) upper side of the PI+zeolite (PI+ZSM-5) and 
PI+ZSM-5+ionic liquid (IL) composites, and (b) bottom side of the PI+ZSM-5 and 
PI+ZSM-5+IL composite membranes.
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Figure 4.3  Photographs of PI, PI+ZSM-5, and PI+ZSM-5+IL composite membranes. 
 
 Figure 4.4 shows the SEM images of the cross-sectional PI, PI+ZSM-5, and 
PI+ZSM-5+IL membranes.  A homogeneous, dense structure was observed in the 
6FDA-TeMPD base PI membrane, and some voids, approximately 2 μm in size, were 
formed between the PI and zeolite in the PI+ZSM-5 membrane.  This result suggests 
the presence of interface defects, which can be attributed to the weak interaction 
between the polymer and the zeolite [6].  The ratio of the interface defect between the 
PI and zeolite in the PI+ZSM-5 membrane was estimated at 15 to 20% on the basis of a 
number of cross-sectional SEM images.  The IL density used in this study was 1.44 
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g/cm
3
.  Therefore, the IL amount required to fill the interface defects was 
approximately 16 to 21 wt%.  Moreover, most of the ZSM-5 existed at the bottom of 
the membranes.  The interfacial voids between PI and ZSM-5 decreased with 
increasing IL content.  However, the interfacial voids in the composite membranes 
were completely filled with 66 wt% IL.  In a previous study, the sulfolane amount 
required to fill the interface defects was expected [17].  Therefore, IL had higher 
compatibility with PI than sulfolane, and the interface defects were not selectively filled 
with IL.  In addition, a micro-sized IL domain was formed at 60 wt% IL, which was 
only a few micrometers in size and observed at 60 wt% IL based on the cross-sectional 
SEM images of PI+IL membranes in a previous study [27].  Interestingly, an IL 
domain with < 1 μm in size was observed in the PI+ZSM-5+IL membranes.  Thus, the 
IL domain size of the PI+ZSM-5+IL membranes was smaller than that of the PI+IL 
membranes.  Moreover, a threadlike domain was observed in the PI+IL membrane 
with 66 wt% IL.  However, the IL domain was not completely threadlike in the 
composite membrane containing zeolite.  The reasons are not clear, but these results 
might indicate that the IL slightly filled the zeolite and that the IL content on the 
polymer matrix is reduced because of the change in the IL-dispersed state as mentioned 
in the result of ATR-FTIR. 
A summary of the physical properties of the PI membranes is presented in 
Table 4.1.  The PI and PI+ZSM-5 had membrane densities of 1.324 and 1.361 g/cm
3
, 
respectively, as determined using the volumetric method.  These results indicate that 
the zeolite in the membrane increased the membrane density.  The [C4mim][Tf2N] IL 
had density of 1.44 g/cm
3
.  The membrane density of PI+ZSM-5+IL increased with 
increasing IL content.
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Figure 4.4  Scanning electron microscopy images of the cross-section of PI, PI+ZSM-5, and PI+ZSM-5+IL composite membranes.
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 Figure 4.5 shows the WAXD patterns of the PI membranes.  Sharp peaks at 
approximately 7 to 8 and 23 to 25° were observed on both sides of the PI+ZSM-5 and 
PI+ZSM-5+IL membranes.  As expected, the WAXD peak intensity of the bottom side 
was stronger than that of the upper side.  Therefore, PI+ZSM-5 and PI+ZSM-5+IL 
membranes at the bottom side of the membranes exhibit graded structures in the form of 
zeolites.  Except for the sharp peaks that corresponded to the zeolite, a single halo 
appeared at < 33 wt% IL.  Two obvious broad halos appeared on the membrane with > 
60 wt% IL.  Except for the sharp peaks that corresponded to the zeolite, the WAXD 
profiles of all membranes exhibited broad halos, suggesting that PIs have a completely 
amorphous structure.  The lower d-spacings of the PI and PI+ZSM-5 membranes (6.5 
Å), calculated according to Bragg’s conditions, indicate that the PI d-spacing was not 
affected by the zeolite.  As the IL content increased, the d-spacing values at a lower 
angle increased from 6.5 to 7.1 Å, whereas that at a larger angle decreased from 6.5 to 
4.8 Å, for the composite membranes with > 60 wt% IL.  Moreover, regardless of the 
zeolite, this change was observed as the IL content increased.  This change in the 
d-spacing values of PI can be attributed to the formation of IL domains in the 
PI+ZSM-5+IL and PI+IL membranes.  Based on the SEM images, the IL domain size 
in the composite membranes with > 60 wt% IL was different by the presence of ZSM-5.  
However, changes of d-spacing values were not observed by the difference of the IL 
domain size.
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Figure 4.5  Wide-angle X-ray diffraction (WAXD) patterns of PI composite 
membranes: (a) upper side of PI+ZSM-5 and PI+ZSM-5+IL composites and (b) bottom 
side of PI+ZSM-5 and PI+ZSM-5+IL composite membranes.
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 Figure 4.6 shows the TGA curves of the PI membranes, and Table 4.2 presents 
a summary of the thermal properties.  The PI and PI+ZSM-5 membranes displayed 
one-step thermal decomposition behavior as a result of their decomposition at 528 and 
535°C, respectively.  Therefore, the zeolite improved the thermal stability of the 
composite membranes.  [C4mim][Tf2N] IL began to decompose thermally at 
approximately 300°C.  Meanwhile, two-step decompositions that started at 320 and 
530°C were observed in the PI+ZSM-5+IL and PI+IL membranes, respectively.  The 
first decomposition at approximately 320°C was based on IL, whereas the second 
decomposition was based on the PI segments in the composite membranes.  The 5% 
(T5) weight losses of the PI+ZSM-5+IL membranes with 9 and 17 wt% IL occurred at 
415 and 378°C, respectively.  These values were higher than those of the composite 
membranes with > 33 wt% IL.  Therefore, the increase in thermal stability was 
observed at 9 and 17 wt% IL.  These changes were observed in the PI+IL membranes 
[27], indicating that the low IL content was well-dispersed in the PI matrices.  
However, the change in T5 in the PI+ZSM-5+IL membranes was smaller than that in the 
PI+IL membranes.  Thus, the dispersion of IL was inhibited by the addition of ZSM-5 
into the membranes.  In addition, the order of the decomposition temperature of the PI 
segments was PI+ZSM-5+IL > PI+IL = PI+ZSM-5 > PI.  Thus, the addition of IL 
improved the thermal stability of the composite membranes.  PI and IL had a strong 
interaction because of their high compatibility.  Moreover, the zeolite improved the 
thermal stability of the composite membranes.
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Figure 4.6  Thermogravimetric (TG) curves of PI+ZSM-5 and PI+ZSM-5+IL 
composite membranes.
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Table 4.2  Thermal properties of PI, PI+ZSM-5, PI+IL, and PI+ZSM-5+IL membranes 
Polymer 
IL content  
(wt%) Td
 (a) 
(°C)
 
Tg 
(°C) 
In feed TGA PI IL 
PI
 (c) 
0 0 528 ± 1 424 ± 2 ‒ 
PI+ZSM-5
 (c) 
0 0 535 ± 1 439 ± 1 ‒ 
PI+IL
 (d) 
9 10 ± 1 537 ± 2 356 ± 3 N/A 
17 17 ± 1 540 ± 4 320 ± 3 N/A 
33 35 ± 1 536 ± 4 211 ± 1 N/A 
60 61 ± 1 537 ± 2 98 ± 1 ‒55 ± 2 
66 65 ± 1 536 ± 2 58 ± 2 ‒66 ± 3 
PI+ZSM-5+IL 
9 10 ± 1 540 ± 4 373 ± 4 N/A 
17 17 ± 2 544 ± 4 329 ± 5 N/A 
33 35 ± 1 547 ± 4 215 ± 2 N/A 
60 59 ± 2 543 ± 6 100 ± 3 N/A 
66 65 ± 2 543 ± 4 61 ± 5 ‒59 ± 4 
IL ([C4mim][Tf2N])
 (d) 
100 100 400 ± 2 
(b)
 ‒ ‒94 ± 1 
(a) Decomposition temperature of polyimide. 
(b) Decomposition temperature of ionic liquid. 
(c) Reference [17]. 
(d) Reference [27]. 
 
The PI and PI+ZSM-5 membranes had Tg values of 424 and 439°C, 
respectively, as determined through the DSC measurements.  These findings suggest 
that the polymer chain rigidification induced by zeolite.  In the PI+IL membranes, two 
Tg values (the higher value based on the PI and the other based on the IL) appeared at > 
60 wt% IL, which both decreased with increasing IL content.  As shown in a previous 
study [27], the decrease in higher Tg indicated that IL worked as a plasticizer of PI 
because of the reduction of Tg by the addition of IL.  In the PI+ZSM-5+IL membranes, 
two Tg values appeared at 66 wt% IL.  This result can be attributed to the reduction of 
IL content on the polymer matrix.  The PI+IL and PI+ZSM-5+IL membranes 
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containing 9 wt% IL had Tg values of 356 and 373°C, respectively.  These results 
indicate that the zeolite increased the Tg of PI. 
 
4.3.2. Gas permeation and separation 
A summary of the gas permeation measurement results at 35°C for all PI 
membranes is presented in Table 4.3.  The gas permeability of the PI+ZSM-5 
membrane was higher than that of PI.  For example, the CH4 permeability of 
PI+ZSM-5 was three times higher than that of PI.  The increase in gas permeability 
can be attributed to the interfacial defects between PI and zeolite in the PI+ZSM-5 
membrane.  The gas permeability of the PI+ZSM-5+IL and PI+IL membranes 
decreased linearly when the IL content was increased up to 33 wt%, and then increased 
with further increase in IL content.  The order of the gas permeability coefficients for 
CO2, H2, and O2 was the same regardless of the IL content.  The order in each 
membrane did not follow the trend of either the gas size or the gas condensability.  
Instead, the order depended on the balance between the diffusivity and solubility, which 
were strongly affected by the gas size and condensability. 
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Table 4.3  Gas permeability coefficients of PI, PI+ZSM-5, PI+IL, and PI+ZSM-5+IL membranes 
Polymer 
IL content 
(a)
 
(wt%)
 
 
Permeability 
 (×10
–10
 cm
3
(STP)cm/(cm
2
 s cmHg)) 
H2 O2 N2 CO2 CH4 
PI
 (b) 
0 963 ± 46 247 ± 25 74.4 ± 8.0 1156 ± 96 62.1 ± 1.8 
PI+ZSM-5
 (b) 
0 1268 ± 62 335 ± 25 164 ± 10 1492 ± 110 203 ± 20 
PI+IL
 (c) 
9 340 ± 45 71.1 ± 5.2 19.8 ± 1.6 412 ± 67 17.2 ± 1.9 
17 108 ± 3 20.1 ± 0.7 5.49 ± 0.69 113 ± 6 4.54 ± 0.18 
33 25.0 ± 1.5 4.84 ± 0.41 1.34 ± 0.14 34.4 ± 5.6 1.43 ± 0.19 
60 23.2 ± 2.8 9.16 ± 0.42 3.35 ± 0.21 84.4 ± 4.7 5.52 ± 0.37 
66 35.2 ± 2.1 16.0 ± 1.1 6.31 ± 0.47 154 ± 28 11.0 ± 1.0 
PI+ZSM-5+IL 
9 371 ± 17 82.6 ± 1.6 23.9 ± 0.9 441 ± 17 20.9 ± 1.2 
17 111 ± 21 22.0 ± 3.0 5.86 ± 0.78 121 ± 23 5.33 ± 0.46 
33 25.2 ± 0.8 4.99 ± 0.18 1.33 ± 0.05 30.9 ± 1.8 1.36 ± 0.07 
60 20.2 ± 1.2 6.85 ± 0.30 2.41 ± 0.12 59.7 ± 2.0 3.67 ± 0.13 
66 32.6 ± 2.9 14.3 ± 0.04 5.55 ± 0.14 142 ± 5 9.48 ± 0.32 
IL ([C4mim][Tf2N])
 (d)
 100 ‒ 131 68.3 1344 ‒ 
(a) Values in feed. 
(b) Reference [17]. 
(c) Reference [27]. 
(d) Reference [22].
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To investigate the effect of zeolite on the gas permeability coefficients in the 
PI+ZSM-5+IL membrane, the permeability ratio was calculated as follows: 
ILPI
IL5ZSMPI
P
P
ratio tyPermeabili

　　                    (4.3) 
where PPI+ZSM-5+IL and PPI+IL represent the gas permeability coefficients of the 
PI+ZSM-5+IL and PI+IL membranes, respectively.  Figure 4.7 shows the relationship 
between the gas permeability ratio and the IL content.  The ratios of all the gas 
permeability coefficients in the membrane with < 17 wt% IL were above 1.  However, 
the ratios of all the gas permeability coefficients in the membrane with > 60 wt% IL 
were below 1.  For example, the permeability coefficients of the PI+ZSM-5+IL 
membrane at IL content of 9 wt% were 1.1–1.2 times higher compared with those of the 
PI+IL membrane, whereas the permeability coefficients at 60 wt% IL were 0.6–0.9 
times higher.  Based on the cross-sectional SEM images, the IL content on the polymer 
matrix can be reduced by the addition of ZSM-5.  According to a previous study, gas 
permeability in the IL composite membranes increased when the IL content exceeded 50 
wt% [27].  Therefore, gas permeability in the PI+ZSM-5+IL membranes at > 60 wt% 
was lower than that in the PI+IL membranes.  When IL content does not exceed 33 
wt%, the gas permeability in the PI+ZSM-5+IL membranes is expected to be higher 
than that in the PI+IL membranes because of the decrease in IL content on the polymer 
matrix by the addition of ZSM-5 and the interface defect.  However, the increase in gas 
permeability in the PI+ZSM-5+IL membranes with 33 wt% IL was hardly observed by 
the addition of ZSM-5, indicating that the effect of the decrease in IL content is shown 
only in high-content membranes in which the IL domain was formed.  Interfacial voids 
between PI and zeolites were also observed.  However, the addition of IL greatly 
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reduced the effect of the interface defect. 
 A summary of the ideal gas permselectivity of the PI+ZSM-5+IL and PI+IL 
membranes at 35°C is presented in Table 4.4.  The gas permselectivity of the 
PI+ZSM-5 membrane was lower than that of the PI membrane because of the interface 
defects between PI and zeolite.  The permselectivities for CO2/N2 and CO2/CH4 of the 
membranes with 9 wt% IL were 11 and 12% lower than those of the PI+IL membranes, 
and were 2 and 2.1 times higher compared with those of the PI+ZSM-5 membrane.  
Moreover, the difference in gas permselectivity in the composite membranes with > 17 
wt% IL was not observed regardless of the zeolite.  Therefore, the inhibiting effect of 
the interface defect between the PI and the zeolite was shown by adding IL to the 
PI+ZSM-5 membranes.  The cross-sectional SEM images show the interface defect in 
the composite membranes with < 60 wt%, whereas no significant difference was 
observed on gas permselectivity in composite membranes with > 17 wt%.  The 
decrease in gas permselectivity was significantly reduced by the addition of IL, even in 
the membranes with voids.
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Figure 4.7  Gas permeability ratio of PI+ZSM-5+IL/PI+IL composite membranes at 
35C as a function of IL content.  Gases: hydrogen (), oxygen (), nitrogen (), 
carbon dioxide (), methane ().
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Table 4.4  Ideal gas permselectivity of PI, PI+ZSM-5, PI+IL, and PI+ZSM-5+IL membranes 
Polymer 
IL content 
(a)
 
(wt%) 
Ideal gas permselectivity 
CO2/N2 CO2/CH4 CO2/H2 CO2/O2 O2/N2 
PI
 (b) 
0 15.5 ± 0.5 18.6 ± 0.3 1.3 ± 0.1 4.7 ± 0.1 3.1 ± 0.1 
PI+ZSM-5
 (b) 
0 9.1 ± 0.2 7.3 ± 0.1 1.3 ± 0.1 4.5 ± 0.7 2.0 ± 0.1 
PI+IL
 (c) 
9 20.8 ± 1.5 23.9 ± 1.5 1.2 ± 0.1 5.8 ± 0.4 3.6 ± 0.1 
17 20.6 ± 0.6 24.9 ± 1.8 1.0 ± 0.1 5.6 ± 0.4 3.5 ± 0.2 
33 25.7 ± 0.3 24.1 ± 0.6 1.4 ± 0.1 7.1 ± 0.2 3.6 ± 0.1 
60 25.2 ± 0.1 15.3 ± 0.1 3.6 ± 0.1 9.2 ± 0.1 2.7 ± 0.1 
66 24.5 ± 1.0 14.0 ± 0.8 4.4 ± 0.3 9.6 ± 0.4 2.5 ± 0.1 
PI+ZSM-5+IL 
9 18.5 ± 0.1 21.1 ± 0.2 1.2 ± 0.1 5.3 ± 0.1 3.5 ± 0.1 
17 20.6 ± 1.3 22.7 ± 2.7 1.1 ± 0.1 5.5 ± 0.3 3.8 ± 0.1 
33 22.7 ± 0.7 22.3 ± 0.2 1.2 ± 0.1 6.1 ± 0.2 3.7 ± 0.1 
60 24.8 ± 0.3 16.3 ± 0.1 3.0 ± 0.1 8.7 ± 0.1 2.8 ± 0.1 
66 25.6 ± 0.5 15.0 ± 0.2 4.4 ± 0.1 10.0 ± 0.1 2.6 ± 0.1 
IL ([C4mim][Tf2N]) 
(d)
 100 19.7 ‒ ‒ ‒ 1.9 
(a) Values in feed. 
(b) Reference [17]. 
(c) Reference [27]. 
(d) Reference [22].
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Figure 4.8 shows the CO2/H2 performance of each PI membrane at 35°C.  The 
upper bound of CO2/H2 has been cited in the literature [36].  The general aromatic PI 
membranes exhibited low CO2/H2 separation performance because H2 has generally 
higher permeability compared with other gas molecules.  Our data show that the 
CO2/H2 performance improved with increasing IL content.  Regardless of zeolite, the 
separation performance for the CO2/H2 of composite membranes with 66 wt% IL was 
nearest the upper bound.  Therefore, the utilization of IL can be an effective approach 
for preventing the formation of interface defects and for increasing CO2 permselectivity, 
particularly CO2/H2. 
 Figure 4.9 presents the time dependence of gas permselectivity in the 
PI+ZSM-5+IL (40/60) composite membrane as a function of time at 35°C and 10 atm.  
The PI+IL (40/60) composite membrane cannot be measured because it causes cracking 
when introduced to gas at 10 atm.  Meanwhile, the PI+ZSM-5+IL (40/60) membrane 
was measurable and withstood a 24 h permeation measurement.  In addition, the ideal 
gas permselectivity almost remained the same regardless of time.  TGA was performed 
on the samples after gas permeation measurement at 10 atm to confirm whether IL 
leaked out of the zeolite composite membrane.  As a result, the IL amount of the 
membrane was 57 ± 1 wt%, indicating that a clear change in IL amount before and after 
gas permeation measurement at 10 atm was not observed because of the high 
compatibility between the PI and IL.  Therefore, the addition of zeolite increased 
membrane strength, and the PI/zeolite composite membrane containing IL was found to 
be an effective approach without IL leakage, which is a conventional problem.
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Figure 4.8  CO2/H2 separation performance of PI membranes at 35C with recent 
upper bound.  Polymer: 6FDA-TeMPD (), PI+ZSM-5 (), PI+IL (), 
PI+ZSM-5+IL (), other PIs (○). 
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Figure 4.9  Time dependence of gas permselectivity in PI+ZSM-5+IL (40/60) 
composite membrane at 35C and 10 atm.  Gases: CO2/H2 (), CO2/N2 ().
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 As previously mentioned, zeolite was purposely collected at the bottom side of 
the composite membranes to make the changes in voids easier to observe by adding IL.  
The selection of inorganic materials for different purposes and the investigation of the 
effect of additive amount are necessary to further improve gas separation performance.   
For scaling up this material as a practical membrane, preparation of thin 
membranes is required.  However, the approach reported in this study may be strongly 
affected by membrane thickness because of sedimentation of zeolite.  Therefore, 
preparation of composite membranes which are comprised of zeolite dispersed in a 
polymer matrix is required after the selection of an optimum material to improve gas 
separation performance.  Using these approaches, MMMs containing IL can be 
developed as practical membranes for gas separation. 
 
4.4. CONCLUSIONS 
Novel, free-standing composite membranes consisting of 6FDA-TeMPD PI, 66 
wt% IL, and zeolite were prepared using the casting method.  The TGA results show 
that the thermal stability of the composite membranes was improved by adding IL and 
ZSM-5.  The SEM and gas permeation results show that the IL-dispersed state on the 
composite membranes changed when ZSM-5 was added.  Moreover, the IL content on 
the polymer matrix decreased.  Regardless of zeolite, the CO2/H2 performance 
improved with increasing IL content, and was located near the upper bound.  This 
result suggests that PI/ZSM-5 zeolite composite membranes containing IL reduced the 
formation of interface defects and proved to be an effective approach for improving 
CO2 permselectivity.  The gas permeability of the PI+IL (40/60) membrane cannot be 
measured at 10 atm because it causes cracking with the introduction of gas.  However, 
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the PI+ZSM-5+IL (40/60) membrane can be measured because of its increased strength.  
This disparity can be attributed to the addition of inorganic materials into the polymer 
matrix.  Therefore, PI/ZSM-5 zeolite composite membranes containing IL may be 
useful without IL leakage at high pressure, which is a conventional problem. 
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Chapter 5 
 
CONCLUSIONS 
 
This dissertation deals with the gas permeability of the polyimide-modified 
membranes for CO2 separation. 
Chapter 1 provided a general introduction of this dissertation.  This 
introduction furnished some background and perspective, including the concept of a gas 
separation membranes, as well as current areas of application.  It also serves as an 
introduction to the remaining parts of this dissertation. 
In Chapter 2, two types of low-viscosity fluorine-containing telechelic 
polyimides containing acryloyl or vinyl groups at the polymer chain ends were 
synthesized.  Both chain ends of the 4,4'-hexafluoroisopropylidene diphthalic 
anhydride (6FDA)-2,3,5,6–tetramethyl–1,4–phenylene diamine (TeMPD) base polymer 
were end-capped with either 1,1-bis(acryloyloxy methyl) ethyl isocyanate (BEI) or 
p-aminostyrene (PAS) with a UV-reacted functional group.  The molecular weight and 
inherent viscosity of both telechelic polyimides were 10,000–12,000 g/mol and 0.19 
dL/g, respectively.  The two types of telechelic polyimide membranes, 
6FDA-TeMPD-BEI and 6FDA-TeMPD-PAS, were formed with UV irradiation from the 
low-viscosity solutions by the solvent-casting method.  Both UV-cured membranes 
were good self-standing light-yellow membranes with increasing UV irradiation time.  
This result suggests that the UV crosslinking reaction could occur at the polymer chain 
ends.  The gas permselectivity of both UV-cured membranes increased with increasing 
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UV irradiation time as compared with 6FDA-TeMPD polyimide.  These results were 
attributed to an increase in gas permselectivity based on the differences in molecular 
size by the formation of the crosslinking structure at the polymer chain ends.  
Therefore, the crosslinking reaction of telechelic polyimides at the polymer chain ends 
using UV irradiation was more effective than the conventional crosslinking for the 
improvement of gas permselectivity and the suppression of significant decrease in gas 
permeability. 
In Chapter 3, the physical, thermal, and gas permeation properties of UV-cured 
telechelic polyimide, which is composed of 6FDA and TeMPD end-capped with BEI, 
with a crosslinker were investigated.  The self-standing membrane was fabricated with 
the BEI crosslinker within 5 min of UV irradiation.  The membrane density of the 
UV-cured membranes with the crosslinker was almost similar with a high gel fraction, 
which suggests that the BEI crosslinker promotes crosslink reaction at the polymer 
chain ends and does not induce appreciable membrane densification.  The gas 
permeation property of the UV-cured membranes was determined at 35°C.  The gas 
permeability of the UV-cured membranes with the crosslinker was higher than that of 
the membrane without the crosslinker.  This result indicates that telechelic polyimide 
with the BEI crosslinker formed new alkyl segments at the polymer chain ends with the 
crosslinker after UV irradiation, and these alkyl segments do not result in appreciable 
membrane densification.  Hence, the use of crosslinkers on telechelic polyimides is 
one of the effective ways to promote crosslink reaction at the polymer chain ends and to 
increase H2 permselectivity without significantly decreasing H2 permeability. 
In Chapter 4, novel, free-standing composite membranes consisting of 
6FDA-TeMPD PI, 66 wt% IL, and zeolite were prepared using the casting method.  
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The TGA results show that the thermal stability of the composite membranes was 
improved by adding IL and ZSM-5.  The SEM and gas permeation results show that 
the IL-dispersed state on the composite membranes changed when ZSM-5 was added.  
Moreover, the IL content on the polymer matrix decreased.  Regardless of zeolite, the 
CO2/H2 performance improved with increasing IL content, and was located near the 
upper bound.  This result suggests that PI/ZSM-5 zeolite composite membranes 
containing IL reduced the formation of interface defects and proved to be an effective 
approach for improving CO2 permselectivity.  The gas permeability of the PI+IL 
(40/60) membrane cannot be measured at 10 atm because it causes cracking with the 
introduction of gas.  However, the PI+ZSM-5+IL (40/60) membrane can be measured 
because of its increased strength.  This disparity can be attributed to the addition of 
inorganic materials into the polymer matrix.  Therefore, PI/ZSM-5 zeolite composite 
membranes containing IL may be useful without IL leakage at high pressure, which is a 
conventional problem. 
Finally, Chapter 5 concludes this dissertation.  These conclusions will 
facilitate the development of perspective on the polyimide membranes for gas 
separation processes.  In particular, this research is important for further development 
of next generation polymer membrane materials for CO2 separation.  The author 
believes that the novel approach of the polyimide-modified membranes promotes global 
warming countermeasure. 
